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IV 
 
Thermomechanical streaking is a common optical surface defect on architectural 6xxx 
series aluminium extrusions that can be cause for rejection of the product. Streaked 
profiles were produced using a specialised extrusion setup and the optical surface 
appearance, microstructure and topography of the surface of the extrudates were 
analysed using a combination of colorimetry, profilometry and electron back scatter 
diffraction. Thermomechanical variation that occurs during extrusion was simulated 
using the finite element package HyperXtrude. 
A specialised die containing two screw ports with internal geometry deliberately 
designed to produce thermomechanical variation in specific regions, was employed. 
Extrusions were conducted at various ram speeds and the profiles were subsequently 
given a commercial anodization pre-treatment process which revealed four prominent 
streak defects on each profile. Achromatic differences in perceived lightness were 
observed to be the primary source of the visual disparity between streaked and 
surrounding regions.  
Differencing in roughness and grain size were observed between streaked and 
surrounding regions. Changes in perceived lightness of the surface directly correlated 
with the surface roughness, where rougher surfaces related to an increase in the 
perceived lightness. The surface roughness was determined to be primarily dependant 
on the size and distribution of grain etching steps as related to the surface grain size. A 
difference in grain size in the regions surrounding and containing the streaks was 
determined to be the microstructural origin of the defect. From these results, the 
relationship between the extrudates surface grain size, etched topography and visually 
appearance was established. 
Numerical simulations were performed using the finite element software package 
HyperXtrude. A good agreement between the exit temperatures and extrusion loads of 
the simulated and experimental extrusion was attained. Significant variations in 
surface strain and temperature were predicted across the extrudates cross sectional 
geometry throughout the range of extrusions. These results support the occurrence of 
thermomechanical differences throughout complex extrusion profiles and potentially 
explain the differences in observed surface grain size in the regions surrounding the 
screw ports.  
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Aluminium is a light metal with abundant availability, low density (= 2.7 g/cm3), shows 
good thermal and electrical conductivity and excellent resistance to corrosion. Its alloys 
include a number of favourable properties such as a high specific strength, excellent 
formability and recyclability. Aluminium alloys have been used commercially since 
1888, and as a result the aluminium industry is versatile and highly established. 
Extrusion is a continuous solid state deformation process which is widely utilised in the 
aluminium industry, with aluminium alloys accounting for nearly 70% of all extruded 
metal products [1]. Amongst extrusion alloys, 6xxx series alloys are by far the most 
commonly used and economically important class. 6xxx series extrusions cover a broad 
range of mechanical properties and applications, however, fast extruding “low strength’ 
alloys (specifically 6060 and 6063) used in decorative and architectural design account 
for more than 75% of the extrusions produced in Australia [2]. 
Unlike some engineering applications, surface quality is an extremely important 
characteristic of high-quality architectural extrusions where a consistent surface finish 
is imperative. Therefore, the presence of any surface defects, such as micro-cracks, 
pickup and streaking can be cause for rejection of the profile, with considerable 
economic penalties.  Of these, streaking defects are considered especially problematic 
as they do not become visible until after anodisation, which is generally the final step in 
the production cycle. 
Streaking defects are defined as a banded variation in the materials’ surface 
appearance stretching along the length of an extrusion, resulting in a region with a 
visible bright or dull “streak”. While there are many identified types of streaking 
defects, with root causes originating from different steps in the extrusion process chain, 
thermomechanical streaks are considered especially problematic as they often form in 
regions above requisite geometric features of the profile with significant flow or 
deformation gradients.  
Research concerning thermomechanical streaking defects suggests that their 
occurrence is a complex interaction between the many components of the profile 
surface microstructure.  However, the evolution of the microstructure during extrusion 
and significance of each microstructural property on the final profile appearance and 
topography on thermomechanical streak formation is yet to be explored. 
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Additionally, much of the work on thermomechanical streaking has come from rejected 
extrudates from the industry with questionable or unknown thermal history, where 
detailed information concerning the processing conditions and material microstructure 
throughout the processing chain has not been considered. In the analysis of 
thermomechanical streaking, this knowledge is imperative as the root cause and 
influencing factors of streak formation can potentially be linked to every step in the 
extrusion process cycle. Due to the unreliable and unmethodical nature of this prior 
work, the relationship between the microstructure, etched topography and visual 
appearance of an architectural extrudate that results in thermomechanical streaking 
has not been determined.  
The present work is a systematic study of the deformation conditions, material 
microstructure, visual appearance and topography of a streak prone extrusion profile, 
with emphasis on the factors that influence streak formation throughout the extrusion 
process chain.  
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2.1 Introduction 
This chapter provides an introduction to the topic of streaking defects and related 
phenomena in 6xxx (also known as Al-Mg-Si or 6000) series aluminium extrusions. As 
a number of alloying and processing features can heavily influence streak development, 
the role of alloy elements and the thermomechanical and microstructural evolution 
during a typical anodised extrusion are first discussed. An explanation of the optical 
origins of streaking and the relationship with surface topography is then discussed, and 
the known causes of streak formation are outlined. Finally, an analysis of the current 
knowledge on thermomechanical streaking is presented and critiqued, and the various 
methods utilised to investigate streak formation are discussed.    
2.2 The 6xxx Series Alloys 
The 6xxx series alloys are an age-hardenable medium strength aluminium alloy, 
containing Mg and Si as the primary alloying elements. These alloys combine several 
desirable properties such as good corrosion resistance, excellent weldability and a high 
surface finish at a relatively low cost [3]. When considering the 6xxx alloy series, there 
is a significant distinction in the mechanical properties and processablity between low 
strength and med-high strength alloys (such as 6061 or 6082). This distinction is 
generally governed by the alloy content. 
2.2.1 Major Alloying Elements 
Magnesium 
Magnesium has a high solubility in aluminium and contributes substantially to solid 
solution strengthening, subsequently increasing extrusion loads regardless of silicon 
content [4]. The primary purpose of magnesium is to form strengthening precipitates 
alongside silicon [4, 5].  
Silicon 
Silicon is the second principal component of the primary strengthening precipitates 
(alongside magnesium) and also generally present in any Iron containing 
intermetallics. Most alloys are designed to have either balanced levels of Mg and Si (to 
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match the ~1:1 composition of the primary strengthening precipitates [6, 7]) or an 
excess of silicon. The presence of excess silicon results in alloys of higher strength, at 
the expense of diminished toughness, formability and corrosion resistance [8].  
Iron 
Iron is found as an impurity element in both recycled aluminium and that extracted 
from bauxite ore. It has a very low solubility in aluminium (maximum 0.052 wt% in the 
binary Al-Fe system [9]) and as a result forms Al(FeMn)Si primary intermetallics, or is 
contained as a component of Mn and Cr containing dispersoids phases. Furthermore, 
Al(FeMn)Si intermetallics do not contribute to strength. These alloys must be carefully 
processed and homogenized to ensure that these particles do not have detrimental 
effects on the extrudability and surface finish of the extrudate. The quantity and 
distribution of Al(FeMn)Si intermetallics have been shown to cause colour variation 
during the anodizing treatment [10, 11].   
Manganese and Chromium 
Manganese and chromium are added in small amounts (≤0.1 wt%) to promote the 
transformation of β- Al5FeSi to the more desirable Al12(FeMn)3Si during 
homogenisation. They are also utilised in larger quantities (0.3-0.7% wt%), in higher 
strength 6xxx alloys to form recrystallisation inhibiting secondary dispersoids. 
2.3 Low strength decorative and architectural 6xxx Series 
alloys 
Low strength aluminium alloys, such as AA6060 and AA6063 are the most widely 
utilised extrusion alloys [8]. They contain a combined Mg and Si quantity between 0.8 
and 1.2wt% and small amounts of Mn and Cr (about 0.1Wt% and 0.05Wt% 
respectively. Due to this low transition metal content these alloys contain few 
secondary dispersoids and generally show a fully recrystallized microstructure and 
little quench sensitivity. 
6xxx series alloys are designed with high extrudability and a high quality surface finish 
in mind, allowing for high extrusion speeds and low cooling rates after extrusion. These 
alloys find widespread use in architectural and decorative applications such as window 
frames, doors and interior fittings, and are commonly anodised prior to sale.  
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2.4 The Extrusion Process for Architectural Products 
The origin of many surface defects such as die lines, pickup, surface cracking and 
various forms of streaking is determined by the material microstructure and can often 
be associated to one of the many steps in the extrusion process. As a result, a detailed 
understanding of this process chain is imperative when determining the potential 
causes of streaking defects. A temperature – time plot of the thermal history 
throughout the different steps in the production process is shown in Figure 2-1 below. 
In the following section, the microstructural evolution from the cast material to the 
finished anodised product is presented, with emphasis on the effect of the 
thermomechanical treatment and process parameters on the material microstructure 
and the final product quality. 
 
 
Figure 2-1 – Schematic of the production process for a 6xxx series extrudate [8]. 
 
2.4.1 Casting 
Extrusion billets are generally produced using the semicontinuous Direct Chill (DC) 
casting process, in which large cylindrical billets are produced directly from the 
solidification of molten aluminium [12, 13]. During DC casting, molten aluminium is 
poured from the furnace into chilled, open-ended moulds, which are mounted on top of 
a hydraulic ram that forms a false bottom. As the liquid metal is poured into the mould 
it undergoes a two-step solidification process. Primary cooling first occurs upon 
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contact with the mould, forming a solidified shell that contains the remaining molten 
metal. The ram is then continually lowered and a chilled water spray is applied to the 
surface of the billet, initiating secondary cooling where the remaining material is 
solidified. Inhomogeneous cooling throughout the thickness of the billet (ranging from 
20 K/s at the surface and 0.5K/s at the centre  [13]) results in non-equilibrium 
solidification and as-cast billets show regions of compositional segregation.  
Macrosegregation is observed between the surface and core of DC cast billets. Most 
alloy elements have lower solubility in the solid phase compared to the liquid, therefore 
solute elements are rejected into the liquid phase during solidification [12, 14, 15]. In 
DC, casting rapid solidification occurs upon contact with the chilled mould. Due to the 
higher density of the solid phase compared to the liquid, the billet to contracts, 
resulting in high solute liquid being forced through interdendritic channels by the 
pressure of the remaining liquid metal to the freezing interface located at the billet 
surface [12, 14-16]. This creates a region of localised solute enrichment at the billet 
surface known as the inverse segregation zone (ISZ), an example of which can be seen 
in Figure 2-2 below. In many industrial setups the outer surface of the billet is scalped 
in an attempt to remove the ISZ [17].  
  
Figure 2-2 – Macrosegregation occurring at the inverse segregation zone of a 6063 
billet in the as-cast condition [18].   
In 6xxx series aluminium alloys, segregated regions in the billet generally consist of 
coarse AlFeSi constituent particles. As Fe has an exceptionally low solubility in primary 
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aluminium, most of the Fe present in the alloy will bond with the contained Si and Al 
and form intermetallic particles in eutectic reactions from the last liquid to solidify.  Fe 
intermetallics are called constituent particles, as they do not dissolve in the Al matrix 
during homogenisation, although they may change in composition and phase 
morphology [19].  
2.4.2 Homogenisation 
The homogenisation heat treatment process is utilised to remove the heterogeneities 
and undesirable features of the billet microstructure in the as cast state, and 
furthermore optimize it for extrusion [20]. It is well accepted that a properly 
homogenized billet will extrude easier and faster than an as-cast billet and give a better 
surface finish with less defects [18, 21-24].   The homogenisation process generally 
occurs in three steps, heating, soaking, and cooling:  
Heating – Billet heating to the desired soaking temperature is done at a rate that 
ensures that there is no partial melting of coarse intermetallic particles and eutectics 
that are typical of an as-cast billet [25].  
Soaking – For architectural 6xxx series alloys soaking is generally performed between 
560 – 580oC for 6 – 8 hours [26].  The low transition metal content and low solubility 
of Fe in Al combined with the DC casting method results in an interdendritic network 
of monoclinic β-Al5FeSi intermetallics segregating along grain boundaries during 
billet solidification [18, 20, 24]. β-Al5FeSi intermetallics are responsible for poor 
extrudability, alloy embrittlement and numerous surface defects, due to their poor 
thermal stability and deficient cohesion with the Al matrix [27]. As a result soaking is 
performed to ensure that most (>80%) of theβ-Al5FeSi phase is transformed into the 
more desirable spheroidizedα-Al12(FeMn)3Si particles. α- Al12(FeMn)3Si particles are 
smaller than β-Al5FeSi particles, and more homogeneously dispersed throughout the 
alloy microstructure. As a result, they provide a stronger bonding strength with the Al 
matrix and a more ductile and easier to extrude billet with less defects [27]. 
Additionally, Mg2Si and any coarse eutectics are solutionised during soaking, and any 
coring present in the as cast structure will be minimised in favour of a more 
homogeneous distribution of Mg and Si solute [18, 21, 24, 26, 28]. As these processes 
occur rather quickly, the β→αtransformation is the primary determining factor when 
concerning the homogenisation time and temperature.  
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The effect of homogenisation soaking conditions can be seen in Figure 2-3 below [29]. 
Figure 2-3 (a) shows the as cast microstructure consisting of long β-Al5FeSi particles 
and small βMg2Si precipitates, many of which have precipitated on the surface of the 
intermetallics; Figure 2-3 (b) still contains the β-Al5FeSi particles but the contained 
Mg2Si has been dissolved into solid solution; in Figure 2-3 (c) extended 
homogenisation has transformed the β-Al5FeSi particles into broken up spheroidized 
α-Al12(FeMn)3Si particles.  
 
Figure 2-3 – (a) As Cast Structure, (b) Homogenised at 540oC  for 20 min, (c) 
Homogenised at 590oC  for 32 hours [29]. 
Cooling –  6xxx series alloys are precipitation hardened, therefore it is imperative to 
have as much of the elemental silicon and magnesium as possible in solution at the 
beginning of the age hardening process. However, fully solutionised billets are difficult 
to extrude as the solutionised magnesium and silicon significantly increase the flow 
stress of the alloy during extrusion via solid solution strengthening [21-23, 25, 28, 30]. 
The presence of coarse β- Mg2Si particles on the other hand prove difficult to 
solutionize and may survive the preheating and extrusion process, tying up contained 
magnesium and silicon that could be better utilised in strengthening precipitates. 
Residual β- Mg2Si particles have also been shown to cause localised incipient melting, 
streaking defects and surface tearing during extrusion [10, 18, 31-33].   
Therefore the cooling rate of the billet post-soaking must be carefully controlled to 
ensure that resulting microstructure is optimised to precipitate as much MgSi as 
possible, the fine lath-shapedβ’ form that will readily re-solutionize during the 
subsequent extrusion process. A typical cooling rate for this processing step is between 
3 – 10oC/min [18, 22, 24-26, 28].  
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2.4.3 Extrusion 
Extrusion is a thermo-mechanical forming operation in which a billet is heated and 
forced though a die with a specific cross-section to produce a product of continuous 
length with a consistent cross-sectional geometry. These shapes may vary from 
complex hollow sections to simple solid profiles. The extrusion process can be divided 
into three major steps: preheating, deformation and cooling: 
2.4.3.1 Preheating 
Billet Preheating is performed to increase material plasticity and lower the flow stress 
during the deformation process. 6xxx series alloys are generally heated just below the 
material solvus temperature to minimise the extrusion breakthrough pressure whilst 
ensuring that MgSi phases will be solutionised during deformation heating [4]. For 
Low – Medium strength 6xxx series alloys, the preheat temperature is generally in the 
range of 430oC – 480oC (depending on the ram speed and the complexity of the profile) 
in order to achieve a desired exit temperature above 500oC [34].  
2.4.3.2 Deformation 
Deformation of the billet through the die is a complex process due to the varied flow 
paths that are exhibited throughout the various regions of the billet. However, 
assuming adequate friction between the billet and container walls, deformation 
through a simple die can generally be separated into four distinct zones (an example of 
these regions is given in Figure 2-4 below) [4, 35-38] : 
Dead metal zone (DMZ) - The dead metal zone forms a hollow cone in the 
boundary region at the front of the billet where friction between the billet, container 
and die inhibits significant deformation. The lack of deformation in this regions 
generally results in an equiaxed and uniform grain microstructure, analogous to the 
initial billet microstructure. The material from the DMZ in generally retained in the 
butt and discarded after extrusion is complete.  
Metal flow zone (MFZ) - The metal flow zone is characterised by material that flows 
through the centre of the extrudate. Material originating from the MFZ is mainly 
stretched in direction of extrusion and individual grains elongate into a deformed 
fibrous grain microstructure. 
Shear intensive zone (SIZ) and Exiting profile zone (EPZ) - The shear 
intensive zone (SIZ) is located between the DMZ and MFZ where the material 
 
 
10 
 
undergoes significant (up to 60 times more than the MFZ [39]) shear deformation. Due 
to the differing flow velocities in the MFZ and DMZ regions the grains in the SIZ 
experience high shear deformation and as a result elongate towards the material flow 
direction in the form of banded strips at the extrudate surface.  Thus region at the die 
exit is termed the exiting profile zone (EPZ).  
 
 
Figure 2-4 – Optical micrograph of a partially extruded and quenched AA6060 billet 
[36]. 
2.4.3.3 Cooling 
Cooling or quenching post-extrusion is performed to avoid precipitation of undesirable 
MgSi phases. Coarse MgSi phases in the final product can lead to a reduced age 
hardening response and poor surface finish during anodisation [40, 41].  
Recommended cooling rates are determined by the size of the profile and the alloy 
composition. As a result, various cooling methods such as still air, fan quench, mist 
quench and water baths are employed to ensure that these rates are achieved. 
However, the maximum cooling rate is often limited due to excessive distortion or 
warping of the extruded section [41]. When considering architectural 6xxx series alloys, 
profile cooling should exceed 50 oC/Min to achieve complete supersaturation of solid 
solution [42]. In practice, still or forced air cooling is generally considered adequate 
depending on the thickness of the profile.   
2.4.3.4 Die Design 
The combined effect of die design and the processing conditions (billet temperature, 
container temperature, die temperature, ram speed) in which the billet is extruded play 
EPZ
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a significant role in determining the final microstructure and surface quality of the 
extrudate. When concerning the extrusion of complex profiles, the primary objective is 
to control metal flow from the die to achieve balanced outflow. This is done by 
optimising the internal geometry of the die [10, 43-45]. Extrusion die design is often 
determined on a case by case basis, and is generally considered as proprietary 
knowledge by the die designer and extruder [46]. However, there are a number of 
general techniques and design considerations utilised in the industry to regulate flow 
and deformation through a die [47].  
One of the characteristics of metal flow through a die orifice is that the flow speed of 
the extrudate varies throughout the profile cross section as a result of increased friction 
at the interfaces between the billet and container and the billet and die wall [4, 46]. 
Flow speed variance becomes more significant in profiles of larger widths and in 
regions with a prominent change in thickness or geometry. As a result, metal flow is 
quicker towards the centre of the die and in the thicker regions of the profile geometry 
[46].  
Bearing length control (also known as die land control) is the simplest method of 
controlling metal flow during deformation. The die-bearing length can be altered to 
increase or decrease friction throughout the profile geometry, and as a result facilitate 
or retard the effective metal flow [46-49]. An increase in the bearing length will 
increase friction in the nearby region and reduce the local flow velocity, while a 
decreased bearing length will reduce friction and increase the local flow velocity. An 
example of various different configurations of land control on a flat faced die is given 
below in 
Figure 2-5. The increase in bearing length towards the centre of the die is designed to 
balance the inherent faster flow velocity in the centre of the deforming material.      
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Figure 2-5 – Die bearing control in a flat faced die [49]. 
The die angle can also be “choked” or “relieved” at the back or front to increase or 
restrict the flow at the inlet and outlet of the die (as shown in Figure 2-6 below) [4, 46-
49]. Chocking the inlet of the die is often utilised in dies with sharp corners and thin 
sections. Die choking increases the initial breakthrough extrusion pressure at the die, 
restricting the initial metal flow velocity and consequently fills out the die aperture. On 
the contrary, relieving the die will reduce the extrusion pressure and increase flow 
speed.  
 
 
Figure 2-6 – Choke and relief in a die bearing. (a) Choke angle at the die inlet. (b) 
Increased relief angle at the die exit [49]. 
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The other common method of flow regulation in metal extrusion is to add a die pocket 
(also known as a pre-chamber, feeder and die recess) in front of the die bearing. 
Extrusion through a pocket die takes place in two stages, pre-deformation of the 
workpiece to fill the feeder chamber, and deformation through the die bearing to the 
actual profile size [46, 50]. Bearing length control on pocket dies is generally less 
significant and as a result the pre-deformation stage in the pocket is the primary 
method of flow regulation. Hence, feeder geometry (feeder shape, depth, volume, 
position and entry angle) must be optimised for a specific profile to ensure uniform exit 
velocity.    
2.4.3.5 Microstructure evolution 
During thermomechanical processes such as extrusion, microstructural evolution 
(namely recrystallisation, recovery and precipitation) is driven by several mechanisms 
as determined by the alloy composition and extrusion process parameters (i.e. 
temperature, ram speed and die design [49]).  
Aluminium alloys are characterized by having a high stacking fault energy, and during 
elevated temperature deformation, dislocations are highly mobile giving energetic 
favourability to dislocation cross slip and dynamic recovery (DRV) [36, 51, 52]. During 
dynamic recovery, dislocations are arranged into the form of subgrains at the point 
where the material yields, and continues up to a plateau where dislocation generation 
and annihilation is balanced. This results in a visible plateau on the macroscopic flow 
stress (as seen in Figure 2-7 below) [53].  
 
Figure 2-7 – Typical flow stress curves obtained during the compression at a strain 
rate of 10-1  of an AlMgSi alloy showing steady state flow at strains above 0.2 [54]. 
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Traditional dynamic recrystallisation (DRX), through the nucleation and growth of 
undeformed grains during hot deformation, is rarely observed in aluminium alloys. 
However, experimental evidence has shown that two other modes of grain formation 
have been observed during hot deformation of aluminium alloys depending on the local 
state of strain, temperature and strain rate, namely Continuous Dynamic 
Recrystallisation (CDRX) and Geometric Dynamic Recrystallisation (GDRX) [55] 
During CDRX, dislocations are progressively accumulated in the form of low angle 
grain boundaries (LAGB), generally characterised by a misorientation angle of less 
than 15o between neighbouring subgrains. Further deformation leads to an increase in 
the subgrain misorientation angle until it reaches a critical value for the formation of a 
high angle grain boundary (HAGB). HAGBs have a misorientation angle above 15o 
between grains, generating the appearance of a new grain [56]. Perdrix et al were the 
first to report this phenomenon in aluminium alloys [57]. 
GDRX is a form of recrystallisation that was first identified during torsion testing of 
aluminium where grains where shown to change shape due to applied strain in regions 
of high plastic shear [58]. In these regions of high plastic shear, grains begin to flatten 
and the edges begin to serrate progressively. When this reaches a point where the 
original grain size is approximately the size of two subgrains, the edges of the grains 
collide and are pinched off, forming two or more smaller grains [56].  
Static recrystallisation (SRX) occurs post-deformation and depends on stored energy 
release and dislocation-structure based nucleation [56]. The stored energy for 
recrystallisation is dependent on the deformed microstructure and governed by the 
alloy chemistry and deformation conditions (specifically plastic strain, strain rate and 
temperature) [59].  
In architectural 6xxx series alloys, static recrystallisation occurs readily and rapidly 
after extrusion due to the low transition metal content of the alloys, which otherwise 
form dispersoid particles that act as recrystallisation inhibiters [60, 61]. Coupled with 
the relatively slow cooling rates employed in the industry, these alloys commonly 
exhibit a fully recrystallized microstructure with equiaxed grains, though final grain 
size and texture throughout the extrudate can vary depending on the complexity of the 
profile [62]. Studies have shown that in simple extrusions of low strength 6xxx series 
alloys where total recrystallisation has occurred, the textures in the central regions of 
the extrudate are generally dominated by a strong cube component, which grows 
progressively weaker towards the profile surface where they become very weak and 
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close to random [59, 63, 64]. Additionally, the grain size is found to be closely related 
to the local Zener Hollomon parameter (Z) and stored energy, whereby the grain size 
decreases as Z is increased [51, 65].  As a result, the recrystallized grain size is generally 
smaller at the profile surface where the local strain rates are highest [65, 66].  
2.4.3.6 Finite element simulation of the extrusion process 
In the field of aluminium extrusion, the use of finite element (FE) simulation has 
become a well-regarded method of numerically assessing the thermomechanical and 
microstructural history of an extruded profile during deformation. Advancements in 
simulation techniques have facilitated the capability to analyse complex material 
behaviour that are traditionally extremely difficult or impossible to measure using 
conventional experimental methods (i.e. local strains, strain rates, temperatures, flow 
paths and pressure distributions).    
In recent decades, considerable research has been published that has utilised FE 
simulation as a method of evaluating various key topics in the extrusion process. Those 
topics include determining optimal process conditions and die design for material flow 
balance and minimal extrusion pressures [67, 68], Transverse and longitudinal weld 
formation [69-71], and of most relevance to this work, thermomechanical and 
microstructural evolution of the workpiece [37, 72-75]. 
2.4.4 Ageing 
Age hardening is performed after extrusion, and largely occurs in two steps:  natural 
ageing occurs immediately after quenching during room temperature storage, while 
artificial ageing is purposely performed at elevated temperatures. Artificial ageing 
treatments vary depending on the desired mechanical properties, though ageing 
temperatures are generally in the range between 150oC and 200oC, while ageing times 
vary from 2 – 8 hours [4, 34].  
The type of precipitates formed, as well as their dimensions and dispersion within the 
matrix are dependent on various factors, namely alloy composition, homogenisation 
conditions, heating and cooling parameters, deformation prior to artificial ageing 
natural ageing time and artificial ageing conditions. However, the basic precipitation 
sequence for low – medium strength 6xxx series Al-Mg-Si alloys is currently regarded 
as follows [7, 76-79]: 
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Super Saturated Solid Solution (SSSS) → Clusters and Co Clusters → GP Zones → β’’ 
→ β’ → β, Si  
A summary of the precipitation phases formed during ageing is presented in Table 2-1 
below. Each phase has a specific chemical composition and typical geometry, providing 
a unique contribution to the material strength, surface quality and processablity.  
Phase Stoichiometry Unit cell  Geometry References 
Clusters 
& Co-
Clusters 
Unknown Undefined  [80] 
GP – 
Zone (Al+Mg)5Si6 
Fcc Base centered 
monoclinic  
a = 1.48, b = 0.405, 
c = 0.648, β = 105.3° 
Spherical / 1 
– 3 nm [6, 77] 
β’’ 
Mg5Si6 
Monoclinic C2/m 
a = 1.516, b = 0.405, 
c = 0.674, β = 105.3° 
Needles up 
to 
4 * 4 * 50 
nm3 
[6, 7] 
β’ 
Mg9Si5 
Hexagonal  
a = 0.71nm 
C = 0.405 
Ribbons 
Several 
hundred nm 
long up to 
15nm 
diameter 
[77, 81, 82] 
β 
Mg2Si 
Fcc (CaF2 - type) 
a = 0.6354nm 
Plates or 
cubes up to 
10 - 20 µm 
diameter 
[6] 
Si 
 
Fcc (CaF Type) 
a = 0.5431nm 
Plates up to 
10 - 20 µm 
diameter 
[77, 81] 
Table 2-1 – Summary of the Mg-Si phases in low Cu containing Al-Mg-Si alloys. 
Provided the extrudate has been adequately quenched after extrusion, a majority of the 
contained MgSi should be in a state of super saturated solid solution. The 
decomposition of the SSSS begins almost immediately after quenching at room 
temperature (natural ageing) with the clustering and growth of silicon and magnesium 
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atoms [80]. Subsequent GP zones have only been observed to form during artificial 
ageing from clusters that exceed a critical nucleus size [6, 77].  
Upon further ageing these GP zones will eventually transform into needle shaped β’’ 
precipitates that grow along the <100> direction of the Al Matrix. The β’’ phase is the 
primary strengthening phase of the alloy series, whereby the maximum available 
hardness is produced by a high density of fine β’’ precipitates [6, 7]. This is generally 
considered as the peak aged condition. 
Further ageing past the peak condition (over-ageing) will eventually result in a 
reduction of strength due to continued particle growth and the eventual development 
of the metastable β’ and equilibrium β phase [50]. A comparison between an under 
aged, peak aged and over-aged sample can be seen below in Figure 2-8.  
     
                    (a)                                                (b)                                                        (c) 
Figure 2-8 – TEM images of a 6063 alloy under various stages of artificial ageing. (a) 
Sample in the underaged condition showing a small number of short β’’ precipitates, 
(b) Sample in the peak aged condition showing a large number of β’’ precipitates and 
(c) Sample in the over-aged condition showing a dispersion of large β and β’ 
precipitates [8]. 
 
2.4.5 Finishing and Anodisation 
When concerning the use of aluminium extrudates in architectural and decorative 
applications, a high quality optical surface finish is required. To ensure uniform and 
attractive surface appearance, finishing is generally performed as the final step in the 
manufacturing process, the most common of which is anodisation. 
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Prior to anodisation there are several pre-treatment steps that clean the sample surface 
and minimise the effect of mechanical surface defects (such as die lines, pickup and 
rough surface patches) that are a result of the extrusion process [31].  
A summary of the general finishing procedure for an anodised aluminium extrudate is 
as follows [34]:  
• Cleaning removes organic contaminants such as dirt, grease, fingerprints and 
oils that may have adhered to the extrudate surface during extrusion and 
handling. Cleaning is generally performed using a non-etching alkaline 
detergent or in acetone or alcohol.  
• Etching removes the die lines and imperfections that arise during extrusion 
and homogenises the optical surface appearance of the extrudate to give a matte 
or satin finish. 
The etching process is generally performed in a ~10% sodium hydroxide 
solution (NaOH) with additives and modifying agents that mitigate the 
appearance of defects and supress harmful fumes. The extrudates are placed in 
an etching batch (≤ 150g aluminium/litre) at elevated temperature (50 – 70oC) 
for a duration of between 5 – 15 minutes. The etching process is one of the 
primary contributing factors to the illumination and formation of streaking 
defects, and thus is further discussed in detail in section 2.5.2 – Formation of 
streak defects. 
• Deoxidizing and Desmutting in a chromic or nitric acid solution removes 
the smut layer that forms on the surface of the extrudate during the etching 
process. This layer predominantly consists of insoluble intermetallic 
compounds that detach from the surface of the profile during etching.  
• Anodizing forms a protective aluminium oxide film at the surface of the 
extrudate. Natural or untreated aluminium alloys are coated in an air-formed 
alumina film. This naturally formed film can reach thicknesses of up to 
approximately 10nm [83]. Significantly thicker and more protective oxide 
layers are obtained through electrolytic oxidation of the aluminium surface.  
Anodizing is performed in an acidic solution (most commonly sulfuric Acid) at 
room temperature, whereby a current (~150A/m2) is passed through the 
solution. During this process the aluminium profile serves as an anode, 
whereby the electrolyte solution releases oxygen atoms at the profile surface. 
The oxygen combines with the surface aluminium forming a hard and 
 
 
19 
 
protective aluminium oxide film. Standard anodised oxide layer thickness on 
decorative alloys is between the range of 5 – 25µm [34, 44].  
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2.5 Introduction to Streaking Defects 
A streaking or streak defect is characterised as a narrow banded variation in the 
material appearance that stretches along the length of an extrusion, resulting in a 
region of visible disparity, such as an overly bright or dull band (an example of which 
can be seen in Figure 2-9 below) [84-86]. Streaking defects are considered especially 
problematic to extruders, as they often do not become visible until after the 
anodisation process, and in turn may cause rejection of the extrudate batch at the final 
stage in the process chain with significant financial consequence [10, 11, 31, 87, 88].  
 
Figure 2-9 – A 6060 anodised aluminium extrusion exhibiting three streak defects, 
each located in the region above a screw port [44]. 
2.5.1 Optical Origins of Streaking Defects 
The most commonly accepted hypothesis on the optical perceptibility of streaking 
defects is that streaked regions appear visually dissimilar from their surroundings due 
to a localised difference in the surface gloss, stemming from a local difference in 
surface topography [10, 31, 44, 85, 89].  
The material surface gloss can be defined as the amount of incident light reflected at 
the specular reflectance angle, and is dependent on the refractive index of the material, 
the angle of incident light and the profile surface topography [85, 90]. When viewing 
an object from a set position, both the material refractive index and angle of incident 
light can be considered constant. Therefore, surface gloss can be thought as directly 
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proportional to the material surface topography [85]. Materials with smooth surface 
will reflect a majority of the incident light at the specular reflectance angle and appear 
glossy, while those with a rough surface do not and as a result give a dull matte finish 
[40]. 
The relationship between surface roughness, topography and gloss of various 
achromatic metals was analysed experimentally by Yonehara et al [91, 92]. A plot 
between the measured arithmetic mean roughness and surface glossiness of the 
materials can be seen below in Figure 2-10. Their studies revealed that the material 
surface gloss decreases sharply with increasing surface roughness (as determined by 
Ra) up to an Ra of approximately 0.2 µm, regardless of the metal being analysed. Upon 
further roughness increases the surface gloss continued to decrease, though at a 
significantly reduced rate.   
  
Figure 2-10 – Relationship between arithmetic mean roughness (Ra) and surface 
glossiness (Gs) of achromatic aluminium alloys (A2017, A5052), stainless steel 
(SUS304) and copper alloy (C7541) at a reflection angle of 60o [91]. 
Optical studies of 6xxx series etched aluminium surfaces have shown that gloss values 
taken at an incident angle of 60o range between 11.9 -  189% (11.9 – 95% discluding 
bright finish alloys) [93, 94] after a caustic etching treatment. The low surface gloss of 
etched surfaces is supported by additional topographical data. Studies have shown that 
the mean surface roughness of caustically treated 6xxx series alloys ranges from 
between 90 to 2200 nm [31, 93, 95-97] depending on the alloy composition, etch 
conditions and prior mechanical treatment. Decorative alloys that have been extruded 
and etched in a manner that reflects the conventional caustic treatment process show 
of between 650 to 1400 nm [31, 95]. However, there is limited available resources on 
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the topic and the method of measurement and sample geometry’s differ, making a 
direct comparison between datasets difficult. 
Another method of surface analysis that has been utilised in the optical analysis of 
metals is colour analysis via colourimetry, evaluated using the CIELAB colour scale [91, 
92]. A detailed description of the CIELAB colour scale can be found in section 3.4.1 - 
Colourimetry. Studies on various etched aluminium products by Tabrizan et al [96] 
and Aggerbeck et al [97] have shown that the a* and b* values of the colour scale (that 
represent the sample colour) are close to zero and that the samples are variations of 
achromatic or neutral colours (white/grey/black). However, differences in surface 
appearance have been linked to sample lightness (L*), which varies depending on the 
alloy composition and thermomechanical treatment. Furthermore, in a manner that is 
similar to the sample gloss, Yonehara et al [91] have shown that lightness is 
proportional to the mean surface roughness for an achromatic metal, regardless of the 
material. However, while the material gloss increased alongside reductions in the mean 
surface roughness, the lightness showed an opposite effect and an inverse correlation 
with the mean roughness (shown in Figure 2-11 below). This is because material gloss 
consists of the components of spectral reflected light (reflected at the same angle to the 
surface normal as the incident light), whereas colours, and as a result surface lightness, 
is calculated from the light that is reflected diffusely (incident light that is reflected at 
many angles) [91, 98]. 
 
Figure 2-11 - Relationship between arithmetic mean roughness (Ra) and Lightness L* 
of achromatic aluminium alloys (A2017, A5052), stainless steel (SUS304) and copper 
alloy (C7541) [91]. 
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The relationship between surface topography and incident light is well described by 
Zhang et al [85], who reported that surface roughness variations as small as the 
micrometre range can have a significant influence on the specular reflectance of the 
incident light and hence the material surface gloss. Figure 2-12 below illustrates the 
reflection of light from a rough surface, whereby the phase difference in reflected light 
can be expressed as follows: 
∆𝜱𝜱 =  𝟒𝟒𝟒𝟒𝟒𝟒∗𝒄𝒄𝒄𝒄𝒄𝒄 (𝒊𝒊)
𝝀𝝀
                                       Equation 2-1 
 
Figure 2-12 – Diagram of the specular reflection of light from a rough surface profile 
(Shown in grey) with a clear anodised film (blue) [88]. 
Where ∆𝜱𝜱 is the Phase difference, 𝟒𝟒 = Characteristic roughness height (µm), 𝒊𝒊 = 
Reflection angle (o) and 𝝀𝝀 = Wavelength of the reflected light (µm) - 0.35 – 0.78µm for 
visible light. 
 
When ∆𝛷𝛷 <  𝜋𝜋
2
 the two reflected waves are almost in phase and the surface of the 
sample will appear smooth. However, when ∆𝛷𝛷 > 𝜋𝜋2  the waves are out of phase and the 
reflected light is scattered erratically from the rough surface. Cancelation through 
interference from the opposing waves results in a low intensity of reflected light.  
 Zhang [85] reported that only surface variations larger than 0.2 µm will have a 
distinguishable effect on the projected gloss via the Rayleigh criterion for smooth 
surface condition: 
   𝟒𝟒 <  𝝀𝝀
𝟖𝟖∗𝒄𝒄𝒄𝒄𝒄𝒄 (𝒊𝒊)                                        Equation 2-2 
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At a of refraction angle of 60o and a wavelength equal to that of the visible light 
spectrum (0.35 – 0.78 µm) the surface roughness variation that can be detected by the 
human eye can be calculated at > 0.2 µm.  
During anodisation, a clear aluminium oxide (Al2O3) layer is formed on the surface of 
the aluminium profile to improve the corrosion resistance of the product. Experimental 
observations conducted by Wang et al [99] have shown that the gloss of an anodised 
profile is strongly correlated to the surface roughness of the metal, whilst the outer 
Al2O3 oxide layer roughness does not have a large impact. The reason being that Al2O3 
is transparent, leaving the metal surface post-anodisation (metal/oxide interface) as 
the predominant reflecting surface. As a result, the surface characteristics of the 
metal/oxide interface has the greatest overall effect on the appearance and gloss of the 
object.  
To the author’s knowledge, there are no studies that have compared gloss, roughness or 
lightness of streaked extrudates quantitatively in streaked and bulk regions. As a result 
there is only qualitative evidence that supports the supposition that topographical 
variation, leading to an optical disparity is the reason for streak formation. This will be 
addressed in the current work. 
Additionally, the formation of streaking defects is a complex problem as there are 
numerous potential causes for topographical variations on the surface of an extruded 
profile, and the subsequent streaks are often visually indistinguishable. As a result, the 
root cause of a streaking defect is often difficult to isolate without further analysis.  
2.5.2 Formation of streaking defects  
Streaking defects generally only become visible after etching, as they are often occluded 
by the die lines present on a mill finish extrudate or generated during the etching 
process. Various surface imperfections (namely etching pits, grain boundary grooves 
and grain etching steps) are generated on the profile during etching due to preferential 
chemical attack of various features of the surface microstructure. Additionally, some 
surface features such as die lines are inherent to the extrusion process and remain in 
the post-etched condition. The profile topography and hence optical surface 
appearance of an etched profile is highly dependent on the quantity, distribution and 
severity of these surface imperfections, and significant variations in one or more of 
these aspects can result in a visible streak.   
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A description and summary of the various surface imperfections identified on the 
surface of anodised extrudates and their root causes are given below: 
2.5.2.1 Die lines 
Die lines are longitudinal depressions and protrusions that extend the length of the 
extrudate and are inherent to the extrusion process. The formation of die lines or score 
lines on extrudate surfaces is a complex issue that can arise due to numerous factors 
ranging from alloy composition and extrusion parameters to the quality and 
maintenance of the die [49, 100].The presence of die lines on the extrudate surface is 
inherent to the extrusion process. They primarily occur due to interaction between the 
workpiece and die bearing, however, there are numerous potential proposed 
mechanisms for their formation [4, 49, 101, 102].  
The simplest mechanisms for die line formation is related to the surface quality and 
maintenance of the die [49]. Explicitly, any roughness pattern or error caused in 
machining of the bearing will be transferred directly to the aluminium surface along 
the length of the extrudate. Additionally any damage caused to the die during extrusion 
or general processing will impart itself on any subsequent extrusions.  
Even in high quality dies with polished and coated bearings die line formation is 
inevitable [49, 100].  At the onset of extrusion, material located at the surface of the 
bearing experiences significant shear stress due to interactions between stationary 
material adhered adjacent to the container walls and the material that flows freely 
through the centre of the profile, referred to as the shear intensive zone. In the shear 
intensive zone/die bearing interface, billet material is deposited on the hard die surface 
and begins to oxidize due to the combination of exposure to the atmosphere and the 
high temperatures utilised in the extrusion process. The surface of this layer of adhered 
material creates an irregular surface that is subsequently imposed on the extrudate. 
These die lines are generally microscopic and continuous, and have hence been termed 
micro die lines [4, 101, 102]. 
This effect can also cause larger, more disruptive die lines. Successive extrusions cause 
further material build-up whereby larger oxide particles begin to form.  These hard 
oxide particle subsequently embed themselves in the softer aluminium during 
extrusion and either leave a continuous groove in the sample surface or detach from 
the die during extrusion. From this point on, the particles are carried forward creating 
an isolated “comet tail” like die line. This is one of the known causes of the surface 
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defect “pickup” [102]. Die lines that survive the pre-anodisation etching process have 
been shown to cause streak defects [10, 40, 103]. 
2.5.2.2 Etching Pits 
Etching pits are created in the profile surface upon etching due to differing dissolution 
rates between intermetallic particles and the primary aluminium matrix [104, 105]. In 
6xxx series alloys the major intermetallic phases are primary AlFeSi intermetallics and 
MgSi precipitates. 
During etching, AlFeSi intermetallic particles have a higher electrochemical potential 
than the aluminium matrix, and as a result act as cathodic reaction sites for hydrogen 
evolution, stimulating anodic dissolution of the surrounding Al matrix to form sodium 
aluminate (NaAlO2) [104, 106]. Upon sufficient etching, the AlFeSi intermetallics will 
detach from the matrix, resulting in the formation of an etching pit [85]. Due to the 
nature of this reaction the final size of the etching pit is larger than that of the particle, 
with larger etching pits reaching sizes of up to 10µm in diameter (Figure 2-13a) [90, 
105, 107]. Furthermore the presence of etching pits accelerates material loss during 
etching by increasing the material surface area exposed to the alkaline solution [103].  
In contrast, MgSi precipitates have a lower electrochemical potential than the Al 
matrix, acting as anodes and dissolving preferentially [104, 106]. This process leaves an 
etching pit whose size is directly proportionate to that of the original particle (Figure 
2-13b). As previously discussed in section 2.4 - The Extrusion Process for Architectural 
Products, the precipitate morphology and microstructure is controlled by the thermal 
history of the product throughout the extrusion process chain. Poor control of the 
manufacturing process can lead to a large quantity of undesirable MgSi precipitates 
which in turn will leave a high density of fine etching pits along the profile surface [40, 
44, 87, 103, 108-110]. 
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Figure 2-13 – Morphology of etching pits in the surface of an anodised profile (a) 
Large Etching Pits caused by the detachment of AlFeSi particles. (b) Small etching 
pits (shown by the white arrows) caused by the dissolution of MgSi precipitates [10]. 
2.5.2.3 Grain boundary grooves 
Grain boundary grooves are formed during etching due to a preferential dissolution 
along grain boundaries compared to the surrounding primary aluminium matrix (as 
highlighted in Figure 2-14 below) [43]. Hence any factor that affects the difference in 
dissolution rate between the grain boundary and matrix will subsequently affect the 
geometry (width and depth) and visibility of the grain boundary groove. In 6xxx series 
alloys, vacancy and solute depletion results in precipitate free zones (PFZs) around 
high angle grain boundaries, and hence during artificial ageing MgSi precipitation 
generally occurs in the grain boundary or within the grain interior [43, 111]. Depending 
on the ageing condition, the presence (or lack thereof) of MgSi precipitates can result 
in a significant potential difference (and hence etching kinetics) between the matrix, 
grain boundaries and PFZs [111]. This has been exemplified in works by Zhu and 
colleagues [90] and Dowell [106]. 
  
Figure 2-14 – Surface morphology of a streaked extrudate whereby the white arrows 
indicate grain boundary grooves (a) Streaked region showing clear grain boundary 
grooves (b) normal region where surface etching is more uniform [10]. 
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Prior studies have shown that the formation kinetics and severity of grain boundary 
grooves is related to the surface microstructure during etching, specifically the quantity 
and distribution of the MgSi precipitates and Fe intermetallics [11, 43, 90, 105, 107] 
and amount of high angle grain boundaries [11, 43, 90, 111]. 
2.5.2.4 Grain etching steps 
The alkaline etching behaviour of a grain differs depending on its particular 
crystallographic orientation [112].Grain etching steps are formed on polycrystalline 
materials due to a pronounced etching attack on grains of particular crystallographic 
orientation in relation to neighbouring grains and to the profile surface [85, 112, 113]. 
This attack can cause directional surface topography between grains and depending on 
the severity of the etching steps, anisotropic reflectivity of light [43, 105]. An example 
an etched profile containing a number of grain etching steps can be seen below in 
Figure 2-15. 
 
 
 
 
 
Figure 2-15 – Optical Micrograph of the height disparity caused by grain etching step 
(Shown by the white arrows) between neighbouring grains on an anodizing 
aluminium profile [89]. 
Work conducted by Koroleva et al [114] on crystallographic dissolution of high purity 
aluminium on neighbouring grains with surface normal of <334>, <225> and <119>. 
When rounded to the nearest low index plane, preferential grain etching of the {111} 
plane was observed, with the largest difference in etch depth existing between the 
deepest {111}, and shallowest {001} planes. The etch depth of the {112} plane was found 
approximately 66.6% above that of the {001} plane. Furthermore, the open circuit 
potential of the grains was found to vary linearly with grain depth. This equated to a 
drop in potential of approximately 20mV from the {001} to the {111} surface.  
While the work conducted on 6xxx series alloys is limited, experimental studies 
conducted by Holme and colleges [115] and Chandia and Furu [116] on various model 
zinc free AlMgSi alloys showed preferential etching under short (<1min) caustic 
etching times. However, the presence of as little as 0.08wt% Zn in the alloy or a few 
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ppm of free zinc in the etch solution was enough to greatly increase severity of 
preferential grain etching. The observed trend closely followed that was observed in 
pure Al (i.e. {111} oriented grains etch the most while {100} show the least etching) 
[115, 116]. This suggests that Zn promotes the effect already present in the material; 
that {111} grains are the most electrochemically active. 
The deleterious effect of severe grain etching steps caused by alloyed zinc or free zinc in 
the etching solution is well known. The presence of excessive grain etching steps has 
shown to cause highly visible granular shapes on the surface of anodised extrudates or 
rolled products, and is commonly known as “spangling” or “grainy appearance” in the 
in the aluminium processing industry [106, 115, 116].  
2.6 Classifications of Streaking Defects 
Prior work conducted on the topic of streaking has labelled numerous different surface 
discrepancies as types of streaking defects. This thesis investigates streaking defects 
that are directly related to die design and deformation conditions, commonly termed 
thermomechanical streaking. The following paragraphs contain a short summary of the 
different types of streaking defects that have been identified through industry practice 
and empirical research, in order to provide a better understanding of the industrial 
problem as a whole. These surface variations often have a similar appearance to 
thermomechanical streaks, through their root cause can be attributed to substandard 
material quality or poor manufacturing and processing technique. 
2.6.1 Billet streaks  
Billet streaks occur as a consequence of a poor quality billet in the homogenized 
condition [88]. Billet quality factors such as microstructural homogeneity, chemical 
composition and billet contamination have been shown to influence the formation of 
streaks and other extrusion defects on the final extrusion profile [32, 87, 93, 108, 117].  
As discussed previously in section 2.4.1 - Casting and 2.4.2 - Homogenisation, a poorly 
cast or insufficiently homogenised billet may have significant compositions 
segregation, with the billet surface consisting of a high density of constituent phases in 
the form of AlFeSi intermetallics and coarse MgSi precipitates. Inflow of material from 
the inverse segregation zone has shown to result in significant compositional variations 
and roughness variations in the extrudate surface, both of which are known to cause 
streaking defects during etching and anodisation [11, 32, 40, 108, 117]. An example of 
billet streak due to inflow of billet skin containing can be seen below in Figure 2-16, 
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where two dark streaks have appeared during etching. Investigation of the streak 
region revealed that entrapped billet skin has resulted in a localized enrichment of 
AlFeSi intermetallics and MgSi precipitates. Dissolution and detachment of the 
precipitates during etching has resulted in a high concentration of etching pits making 
the streak appear dull compared to the rest of the profile surface [86].   
 
Figure 2-16 – Streaking due to the inflow of billet skin [86]. 
2.6.2 Extrusion process streaks 
Extrusion process streaks arise due to inherent or imperfect process features that are 
employed during extrusion (Including billet preheating, extrusion, stretching, ageing, 
etching and anodizing). Some examples of common extrusion process streaks are listed 
below:  
Surface damage  
Streaking defects can form due to physical damage to the extrudate surface. Non-
uniformity of the profile surface is an unavoidable product of the extrusion process, 
and streaking defects can often be the result of the visible remains of a prominent die 
line or surface abrasion that arise due to a damaged or dirty die, or during handling of 
the extrudate [40, 86, 88, 117].   An example of a streak due to surface damage is given 
below in Figure 2-17. It can be seen in Figure 2-17b that a surface step (in this case 
from a prominent die line) is present in the extrusion surface that was not sufficiently 
removed by the standard etching process [31]. This resulted in a faint streak along the 
length of the extrudate.  
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                                                  (a)                                                              (b) 
Figure 2-17 – (a) An anodised extrusion with a faint longitudinal streak (b) SEM 
micrograph of the profile cross section, showing a significant surface step where a die 
line was inadequately removed during etching [31]. 
Etching process streak 
Streaks can also form a result of poor etching control. In the mill finish condition, the 
distribution of die lines on the profile surface is often inhomogeneous. During etching 
surface defects such as die lines, pickup and rough surface patches react more quickly 
than the surrounding regions due to their higher surface energy. However, if these die 
lines are not removed during etching (i.e. insufficient etching time, low etching 
temperature or a weak etching solution), their remains can provide a localised 
roughness variation to produce a streak defect [10, 40, 103]. This form of streaking is 
exemplified Figure 2-18  in where die lines are still present on the profile surface after 
etching for 15 minutes at 40oC. The increased number of die lines remains in the 
streaked region (Figure 2-18 b) compared to the normal region (Figure 2-18 a) has 
resulted in a streak defect [10]. Further etching would be expected to alleviate this 
problem.     
 
 
Figure 2-18 – Surface morphology of a profile after etching for 15minutes at 40oC. (a) 
Normal Region. (b) Streaked region [10]. 
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Transverse weld zones and alloy mixing 
In a semi-continuous extrusion process, it is common practice to extrude “billet on 
billet” whereby a welding chamber in the form of a pocket or feeder is utilised to retain 
material from the last extrusion within the die. This forms a weld zone where the 
proceeding billet can weld to the end of the extrudate and form a continuous length 
[40, 118]. This creates a conical weld line at the extrudate surface, with a sub-surface 
transverse weld line at the billet interface [10], and depending on the extrusion profile 
and design of the die inlet (Feeder shape, feeder depth, pocket and feeder combinations 
etc.), material can accumulate in the dead zones of the die and gradually release along 
the length of the profile surface [118]. This forms a clad zone on the extruded profile 
with differing thickness, chemical compositions and thermo-mechanical history to the 
bulk of the profile, and can be a source of post anodisation streaks (an example of 
which can be seen below in Figure 2-19).  
 
Figure 2-19 – Streaking due to clad accumulation at the point of a transverse weld 
[117]. 
This problem can be further exacerbated in the case of alloy mixing or when using 
billets obtained from different sources with different thermal processing history [86, 
117].  An example of streaking due alloy mixing can be seen below in Figure 2-20, 
where the different alloy forming the clad layer has produced a darker etching response 
than the rest of the profile.   
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Figure 2-20 – Streaking due to mixing of alloys. (a) Macrograph of the surface of a 
streaked profile. (b) Cross section of the extrusion showing composition difference in 
the streaked and normal region [86] . 
2.7 Thermomechanical Streaks 
Thermomechanical streaks (also known as die streaks or structural streaks) are those 
attributed to localised differences in material flow which occurs throughout a complex 
extrusion profile [43, 44, 85, 86, 88, 113, 117].  
Thermomechanical streaks are considered especially problematic as they often form in 
bands near/above geometric features with significant flow or deformation gradients, 
such as webs, clips, screw ports, corners, longitudinal welds and drastic changes in the 
profile wall thickness [40, 43, 44, 88, 113, 117]. These streaks are identified as having a 
consistent thickness and shade that relates to the size of the nearby geometric feature 
and stretch along the entire length of the profile [117]. Some examples of streak prone 
profiles are illustrated in Figure 2-21. In the emphasized regions, non-uniform metal 
flow is unavoidable and metal flow through the complex sections of the die geometry 
can experience increased friction and plastic deformation.  
 
Figure 2-21 – Typical areas where thermomechanical streaks are known to occur. (a) 
Above a screw port, (b) above a web T junction, (c) Along the longitudinal weld of a 
hollow profile [40]. 
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During extrusion, much of the work done during deformation is expended as heat, 
causing a temperature rise of up to possibly several hundred degrees [50]. Hence, 
localised deformation can also result in localised heat generation, especially when heat 
conduction from the deformation zone is diminished, such is the case for thicker 
sections of the profile geometry [40, 50]. As discussed in section 2.4.3 - Extrusion, the 
final microstructure of the extrudate is dependent on the temperature and deformation 
conditions experienced during extrusion, and hence the resulting microstructure in the 
deformation zone may differ compared to its surroundings.  
Modar et al, [45] studied the effect of processing parameters and die design on the 
streaking behaviour of a particular hollow profile with an intersecting web region, 
whereby a dull streak would consistently form above the web during etching. Through 
modifications in the depth of the weld chamber, location of the longitudinal welds and 
the addition of liquid-nitrogen cooling in the die, the presence of the streaks could be 
significantly reduced. Furthermore, by increasing the billet temperature and lowering 
the extrusion speed they could be removed entirely. However, while Modar et al 
claimed that the reduction in streaking was due to improved flow homogeneity at the 
die exit, this was not confirmed and the microstructural and topographical origin of the 
streak defects were not identified.  
Whilst variations in the metal flow throughout the profile during extrusion is accepted 
as the primary reason for streak formation, very limited research has been performed 
that directly assesses the microstructures that are developed in these different regions 
of metal flow. It is generally stated that the non-uniformity of metal flow (and thus 
regions experiencing different deformation histories of strain, strain rate and 
temperature) results in regions of inhomogeneous surface microstructure.  These 
regions may then experience a different etching response compared to the rest of the 
profile and produce a visible streak defect. Localised variations in grain size and grain 
orientation, as well as the size and distribution of precipitates and intermetallic 
particles, have all been observed in thermomechanically streaked extrudates. [10, 31, 
40, 44, 85, 88, 89, 107-109, 117]; these are examined in further detail in the following 
two sections. 
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2.7.1 The relationship between grain size, texture and 
streaking 
While it is established that the surface grain size and texture can have a substantial 
effect on the material etching response, there is limited literature available that directly 
links grain size and texture variation to the formation of thermomechanical streaks.   
A streaked aluminium extrudate obtained directly from the industry was analysed by 
Ma et al [89]. Reflectance measurements revealed that the streaked regions emitted 
10% more total reflectance compared to the surrounding bulk regions. 
Microstructurally, it was observed that the streaked region had a larger grain size 
(99.7µm – 86.04µm ~ 16% larger) than the bulk region, and that the grains in the 
streaked region had a comparatively stronger texture orientation, while the bulk region 
showed relatively random orientation (as shown in Figure 2-22). When observing 
surface of the etched sample, the bulk region had an increased density of grain 
boundary grooves due to the smaller grain size (though there were no notable 
differences in severity) and a larger number of grain etching steps. This was 
hypothesized as the reason for the streak formation.  
 
Figure 2-22 – EBSD map of the streaked (a) and bulk regions (b) of the profile 
surface. 
The formation of a streak defect above the web intersection of a hollow extrusion was 
analysed by Zhu et al [113]. Analysis of the profile microstructure revealed that there 
was a significant difference in the grain size between the streaked (50µm) and normal 
region (80µm) and that any intermetallic particles were homogenously dispersed. 
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Furthermore, texture analysis revealed that whilst the orientation of the entire profile 
tended towards the <111> direction, the normal surface away from the streak had a 
more random texture with lower intensity contour values. While analysis of the 
microstructure after etching was not performed, the observed difference in texture and 
the resulting inhomogeneity is the distribution of grain etching steps was stated as the 
primary reason for the streak formation.  
The effect of grain size on streak formation has been contested by Walker et al [44], 
who claimed that there would need to be a grain size difference in excess of 65% 
between two regions of the profile surface to create a visually observable difference in 
the grain boundary etching. However, this value was obtained using the analysis of a 
theoretical grain matrix, assuming perfectly uniform grain size, shape and grain 
etching behaviour without any additional effects due to orientation or the possibility of 
etching steps, and was not supported with experimental evidence.   
Karhausen et al [43] explored the relationship between die design, processing 
parameters and surface quality by conducting a number of extrusion trials of AA6060 
through two dies with identical profile geometry’s (Shown in Figure 2-23 below) but 
differing methods of flow regulation. “Die A” utilised a varied bearing length to control 
the flow between thick and thin sections, while “Die B” retained a constant bearing 
length and flow control was achieved through the use of a feeder. It was determined 
that under conventional extrusion conditions the surface of the profile showed a 
recrystallized layer of random texture, the thickness of which was predominantly 
dependant on the die used and insensitive to deformation conditions. The 
microstructure of the profile extruded with “Die A” displayed a homogenous 
recrystallized surface layer with close to random orientation throughout the profile, 
and did not exhibit any streaking after anodisation. In comparison, “Die B” spread the 
material strain over a larger deformation volume and displayed increased overall exit 
temperatures. As a result, the profiles extruded with “Die B” had a larger grain size and 
retained deformation texture in the thick centre the profile when compared to the outer 
flanges. Furthermore, upon subsequent anodisation the profiles extruded with die B 
displayed a dull streak and a degree of speckling in the thick region. While these 
differences in etching response and appearance were attributed to the non-uniform 
texture throughout the profile, the direct effect of etching and anodisation on the 
microstructure was not analysed in detail.  
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Figure 2-23 – Geometry of the extruded profile used for streaking analysis [43]. 
2.7.2 The relationship between intermetallic particles and 
streaking 
Numerous cases have been identified in the literature that list a difference in the 
number of MgSi precipitates or Fe intermetallics the streaked and normal region as the 
primary reason for streak formation [31, 44, 87, 88, 108, 110]. However, there is little 
evidence that addresses the manner in which the particles and precipitates are 
distributed during extrusion, and furthermore, conflicting reports on their effect on the 
surface microstructure and the formation of surface imperfections during etching.   
Walker and colleagues [44, 110] analysed the streaking behaviour of a complex plate 
profile with three screw ports, whereby a dull streak would form in the region above the 
screw port After etching. Microstructural analysis of the streaked profiles revealed 
approximately 30% more etching pits in the streaked region compared to the regions 
directly beside it. SEM observations revealed an increase in the number of Fe 
intermetallics in the streaked region, though the exact number density of particles in 
each region and the size and composition of the intermetallics was not determined.  
In a number of independent studies by Asensio-Lozano, Suarez-Pena and Vander Voort 
[87, 108], poor billet homogenisation and an inhomogeneous distribution of MgSi 
precipitates in the final profile were presented as the primary reasons for streak 
formation. The material was analysed in both billet and extruded form and it was 
observed that an increased number of coarse MgSi precipitates were present in the 
billet. They concluded that an inhomogeneous distribution of the MgSi precipitates 
were dispersed on the profile surface during extrusion, stating that the particles in the 
webbed section experienced less deformation compared to the surrounding areas. They 
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hypothesized that the precipitates in these regions experienced a reduced degree of 
fragmentation leading to larger final particle sizes and lower number density upon 
etching. This translated to a difference in the size and number density of the etching 
pits after anodisation and a visible streak. Additionally, no differences in the grain 
boundary groove severity, grain size or distribution of Fe intermetallics was observed 
throughout the profile.   
Sweet et al, [93] quantified the effect of iron content on the surface gloss of an anodised 
profile though analysis of the optical and roughness properties of three 6060 alloy 
variants with increasing Fe quantity (0.17, 0.23 and 0.29wt%). It was as observed that 
increasing the Fe content increased the number density of intermetallic particles larger 
than 2µm, and that these larger particles were more efficient in the generation of 
etching pits. Furthermore, the increase in number density of large particles directly 
related to the number of etching pits upon anodisation and subsequently decreased the 
profile surface gloss by increasing the alloy/anodised layer substrate roughness.  
Whilst these studies show a difference in the profile appearance due to the formation of 
etching pits, Zhu et al [11, 90, 107, 109] have also suggested that that the quantity and 
distribution of intermetallic particles (both Fe intermetallics [40, 90, 107, 109] and 
MgSi precipitates [90]) are the predominant controlling factors in the development 
and severity of grain boundary grooves.  
Zhu et al, [90] explored the relationship between the MgSi precipitates and grain 
boundary groove formation through analysis of the surface microstructure of an etched 
AA6060 profile after various stages of ageing. In the unaged condition, where the 
contained MgSi was retained in solid solution, a large quantity of severe grain 
boundary grooves were observed (Figure 2-24a). Upon subsequent ageing, the 
presence of the grain boundary grooves were reduced. After ageing for 24 hours no 
grain boundary grooves were observed (Figure 2-24b-d). Zhu proposed that the 
preferential grain boundary etching in the unaged condition was caused by preferential 
etching at high energy grain boundaries. As the sample was aged, MgSi precipitates 
were formed throughout the microstructure (in both grain boundaries and grain 
interiors), significantly increasing the overall etching response of the profile by forming 
a fine dispersion of etching pits [103]. This reduced the difference in dissolution rate 
between the grain boundary and grain interior and decreased the visibility and hence 
severity of the grain boundary grooves.  
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Figure 2-24 – Optical micrographs of an etched AA6060 profile at various stages of 
artificial ageing. (a) Solution treated – No artificial ageing, (b) artificial ageing at 
185oC for 2h, (c) artificial ageing at 185oC for 6h (Peak aged condition for AA6060), 
(d)  Artificial ageing at 185oC for 24h [90]. 
In a series of studies performed by Zhu and colleagues [11, 107, 109] the effect of varied 
Fe content (Low Fe – 1.4wt% Fe and High Fe – 2.7% Fe) on etching behaviour of 
several streak prone profiles was analysed. In all tested cases the Low Fe containing 
alloys showed a prominent streak in the profiles respective streak prone zone, whereas 
the High Fe extrudate retained a homogenous but comparatively duller surface 
appearance. Examination of the surface microstructures revealed that the high Fe 
extrusion generally had an overall reduced grain size and a weaker texture than the low 
Fe extrusion. The streaked regions of the low iron extrusion also showed compositional 
segregation, with an increased number of Fe intermetallics in the streaked region and a 
larger fraction of HAGBs outside of the streaked region. Zhu et al inferred that the 
difference in the fraction of HAGBs was due to an increased number of particles in the 
streaked region, which inhibited recrystallisation. The etched microstructures of the 
profiles revealed that the streaked region in the low Fe extrusions had decreased 
severity of grain boundary grooves compared to the surrounding region, while the high 
Fe extrusions had a uniform etching response. Zhu claimed that the difference in grain 
boundary groove severity was the result of a duplex effect; where there is increased 
etching attack outside the streaked region due to the larger fraction high angle grain 
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boundaries, while the larger number of Fe intermetallics inside the streak region 
reduced the difference in dissolution rate between the grain boundary and grain 
interior through the formation of etching pits (in a manner similar to MgSi precipitates 
as described above). Furthermore, Zhu inferred that the duller finish and lack of 
streaks on the high Fe extrusions was a result of the formation of etching pits 
dominating material etching response and occluding any grain boundary grooves.   
However, these findings were not observed in a similar study performed by Sweet et al, 
[93] who did not find any difference in grain size or boundary groove formation in 
alloys with varied Fe content. While these studies used alloys of identical composition, 
the measured size of the Fe intermetallics (Mean particle size of <1µm for Zhu et al, 
[90] compared to 1.8 for Sweet et al [93]) and the extrusion profile used (complex plate 
with two T intersections and one screw port, reduction ratio 71:1 for Zhu et al [90] 
compared to a simple rectangular profile, reduction ratio 56:1 Sweet et al [93]) varied 
significantly. As no microstructural analysis of the billet prior to extrusion was 
performed in either of these studies, it is unknown whether the cause of these 
differences were present in the homogenised billet or arose due to the different 
deformation conditions (namely profile geometry and extrusion parameters) of the 
respective extrusion processes.  
Furthermore, both Walker et al [44, 110] and Zhu et al [11, 90, 107] have hypothesized 
that the compositional segregation and an increased number of Fe intermetallic 
particles in the streak zone is caused by the particles being refined during deformation 
(due to increased strain rate, strain and temperature generation in the streak prone 
zone). However, no experimental evidence (such as number density calculations of Fe 
intermetallics or proof that the particles have been fractured or refined during 
extrusion) has been presented to support this statement.  
A summary of the available literature on thermomechanical streaking defects and the 
identified cause is given below in Table 2-2. 
Primary 
Researchers Year Alloy(s) Extrusion profile 
Extrusion 
Conditions 
[Ram speed 
(mm/s), Extrusion 
Ratio, Die temp 
(oC), Billet Temp 
(oC)] 
Streak 
region(s) 
Reason provided 
for streak 
K.Karhausen, 
A.L.Dons, 
T.Aurkrust 
[104] 
1996 6060 
Stepped Plate  
1.5mm to 3mm 
thickness change 
Bearing Controlled 
flow – No Feeder 
 
0.3 – 30, 47.6, 4500C 
,480oC  
No visible 
streak at ram 
speeds below 
30mm/s 
 
NA 
 
Severe surface 
cracking when 
ram speed 
When the ram speed 
exceeded 30mm/s, hot 
cracking at the surface of 
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exceeded 
30mm/s 
the thin section occurred 
leading to severe surface 
cracking.  
Stepped Plate  
1.5mm to 3mm 
thickness change 
Feeder controlled 
flow – Constant 
bearing length 
  
Thick section 
showed a 
darkened 
etching 
response and 
small degree of 
speckling 
Significant difference in 
the  texture in and out of 
streaked region 
Severe surface 
cracking when 
ram speed 
exceeded 
20mm/s 
When the ram speed 
exceeded 20mm/s, hot 
cracking at the surface of 
the thin section occurred 
leading to severe surface 
cracking. 
H.Zhu, C.H. 
Caceres, X.Zang, 
M.Couper and 
A.K.Dahle 
[113] 
2007 6060 
Hollow with T 
intersection 
webbing 
NA 
Above T 
intersection 
web 
Significant difference in 
grain size and texture in 
and out of streaked 
region 
H.Zhu, C.H. 
Caceres, X.Zang, 
M.Couper and 
A.K.Dahle 
[88] 
2008 
6060   
0.16wt% Fe 
 
Plate with 2 T 
intersections and 1 
screw joint 
4.7 ,71:1,4800C ,480oC 
Above T 
intersection  
Severity of grain 
boundary grooves is 
higher in the normal 
region compared to the 
streaked region – 
Possibly due fraction to a 
larger fraction of HAGBs 
and lower quantity of Fe 
intermetallics in the 
normal region compared 
to in the streaked region  
6060  
 0.29wt% Fe 
 
No visible 
Streak 
Note: Surface was duller 
that the Low Fe extrusion 
due to larger number of 
etching pits, stemming 
from an increased 
number of etching pits. 
L.Donati, 
L.Tomesani, 
M.Rompato, 
A.Segatori 
[88] 
2009 6060 Hollow rectangle NA, NA, NA ,NA 
Along a 
longitudinal 
seam weld – 
only visible on 
extrudate 
upper surface 
Seam weld streak 
contained a  higher 
density of etching pits  
H.Zhu, X.Zang, 
M.Couper and 
A.K.Dahle 
[11] 
2009 
6060   
0.16wt% Fe 
 0.45wt% Mg 
Plate with 2 T 
intersections and 1 
screw joint 
4.7, 71:1, 4800C 
,480oC  
Above T 
intersection 
 
Severity of grain 
boundary grooves is 
higher in the normal 
region compared to the 
streaked region. – 
Possibly due fraction to a 
larger fraction of HAGBs 
and lower quantity of Fe 
intermetallics in the 
normal region compared 
to in the streaked region. 
6060  
 0.29wt% Fe 
          0.45wt% 
Mg 
Plate with 2 T 
intersections and 1 
screw joint 
4.7, 71:1, 4800C 
,480oC 
No visible 
Streak 
Note: Surface was duller 
that the Low Fe extrusion 
due to larger number of 
etching pits, stemming 
from an increased 
number of etching pits. 
6060  
 0.16wt% Fe 
 0.5wt% Mg                
 
Hollow with T 
intersection 
webbing 
15, 33:1, 4500C ,480oC Independent zone  
Grain boundary grooves 
more severe in streaked 
region – possibly due to 
increased number of Mg-
2Si precipitates in 
streaked region 
compared to the normal 
region.  
H.Zhu, T.Wei, 
M.Couper and 
A.K.Dahle 
[107] 
2012 
6060   
0.17wt% Fe 
 
Plate with 2 T 
intersections and 1 
screw joint 
4.7 ,71:1,4800C ,480oC 
 
 
Independent 
zone(not 
above the web 
intersection) 
 
Grain boundary grooves 
less severe in streaked 
region – possibly due to 
inhomogeneous quantity, 
distribution and size of 
AlFeSi intermetallics in 
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 streaked line region 
compared to normal. 
(Possibly entrapped billet 
skin) 
 
6060  
 0.29wt% Fe 
 
No visible 
Streak 
Note:  Surface was 
duller that the Low Fe 
extrusion due to larger 
number of etching pits, 
stemming from an 
increased number of 
etching pits. 
Y.Ma, X.Zhou, 
G.E.Thompson, 
J-O,Nilsson, M, 
Gustavsson, 
A.Crispin 
[119]  
2013 6063 NA NA,NA,NA,NA 
Along a 
longitudinal 
seam weld  
The bright streak was 
associated with a region 
of increased grain size 
and relatively strong 
texture compared to the 
bulk alloy.  
G.V.Voort, 
B.Suarez-Pena, 
J.Asensio-
Lozano 
[108]  
2013 6063 Hollow with three T intersections NA,NA,450
oC,490oC 
Three visible 
streaks above 
each T 
intersection 
Larger number of etching 
pits in non-streaked 
region compared to 
streaked region  
Note: This is possibly 
billet streak due to 
entrapped billet skin as 
large number of coarse 
precipitates (both AlFeSi 
intermetallics and β/β’ 
MgSi precipitates) were 
also present in the 
homogenized billet due  
No streaks 
(Different 
Billet 
Supplier) 
NA 
N.Danilova, 
X.Zhang 
[31] 
2014 6060 
Sheet with 1 screw 
joint NA, NA, NA ,NA 
Above screw 
port 
Significant texture 
difference in streaked 
region (largely 
disoriented) compared to 
normal regions 
(pronounced <11.1> and 
<11.0> textures) 
Note: Acid based 
etchant was used  
Hollow rectangle 
with 2 Screw port NA, NA, NA ,NA 
Centre of 
Rectangle 
profile 
Large number of AlFeSI 
and MgSi particles 
retained in anodised 
layer altering its 
transparency and 
appearance  (possibly 
from entrapped billet 
skin) 
Note: Acid based 
etchant was used  
J.Walker, 
I.C.Meng, 
Z.W.Chen, W.J 
Hayward, 
S.Chen, 
J.Mainwaring 
[110] 
2014 6060 Plate with 3 screw port  NA, NA, NA ,NA 
Above each 
screw port 
Increased number of 
etching pits in normal 
region compared to 
streaked region.  
 
J.Lozano, 
B.Pena, 
G.Vander Voort 
[87] 
2014 6063 
Hollow rectangle 
with T intersection 
webbing 
NA, NA, NA ,490o 
Above web 
zone 
intersection 
Larger number of etching 
pits in normal region 
compared to streaked 
region – Pre etching 
micrographs indicated 
that there was an 
increased number of 
MgSi precipitates in the 
normal region when 
compared to the streaked 
region  
Table 2-2 – Summary of the available literature on thermomechanical streaking. 
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2.8 Summary and Justification 
The increasing requirements for complex yet high quality architectural aluminium 
extrusions coupled with the lack of understanding and systematic study on the matter 
makes thermomechanical streaking defects a worthy topic of study. While it is 
established in the extrusion industry that thermomechanical streaking can be 
minimised or eliminated through controlling the extrusion conditions and the die 
design, the relationship between these factors and underlying thermomechanical 
mechanisms responsible for the streak formation remain unclear. 
While a difference in metal flow leading to differences in local thermomechanical 
deformation conditions is stated as the root cause of thermomechanical streaking, 
literature that directly addresses relationship between deformation conditions, surface 
microstructure development and anodised surface finish during extrusion is limited. A 
large quantity of the available literature on thermomechanical streaking has come from 
rejected extrudates from the industry with questionable thermal history or processing 
conditions, dissimilar profile shapes and unknown or unexplored internal die geometry 
[31, 87, 88, 108, 110, 119]. As a result, direct comparisons between studies and streaked 
profiles is not practical. A systematic study on a streaked profile with known processing 
conditions and die geometry will allow us to numerically simulate any variations in the 
deformation conditions (i.e. temperature, strain and strain rate) in the streak prone 
regions as the material is deformed through the die. As the basis of thermomechanical 
streaking is related to variations in the deformation conditions throughout an 
extrusions profile geometry, additional knowledge on the effect of die design and 
processing conditions on the flow homogeneity and deformation evolution during 
extrusion and the subsequent effect on the surface microstructure is imperative.  
It is well established that streaking defects become visible after etching, and an 
inhomogeneous distribution of surface imperfections (namely, grain boundary grooves, 
etching pits and grain etching steps) have been identified as potential causes. However, 
there is a lack of solid evidence and several conflicting reports on what effects each 
component of the material’s microstructure (grain size, texture, intermetallics and 
precipitates) has on the final etched surface, particularly when concerning relationship 
between microstructure, topography and optical appearance. Detailed characterisation 
work on all three of these features should be conducted synergistically on an extrudate 
with known history to establish the relationship between each parameter. Once this 
relationship is known, these results can be extrapolated to other extrusion profiles in 
the industry.  
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3.1 Introduction 
This chapter describes the materials and experimental techniques utilised in the 
present study.  Streak prone profiles were produced by means of extrusion through a 
tailored die, whereby the visual aspect of the streaks were exposed using a commercial 
etching treatment.  
Secondly, the methods for colourimetry, scanning electron microscopy and optical 
profilometry utilised in the characterisation of the extrudate colour, surface 
microstructures and topography are explained.  
Finally, the last portion of this chapter details the use of the finite element (FE) 
modelling (such as mesh generation, boundary conditions, etc.) in this thesis. FE code 
HyperXtrude was utilised to simulate the extrusion process and predict 
thermomechanical parameters such as temperature, strain and strain rate that could be 
cause for the formation of streaking defects.  
3.2 Material 
The aluminium alloy AA6060 was received in the form of two DC cast commercially 
cast and homogenized billet offcuts with a diameter of 178mm and respective lengths of 
0.783m and 0.682m. The chemical compositional range of the alloy as specified by the 
primary supplier Rio Tinto Alcan is given below in Table 3-1. 
Alloy Si Fe Cu Mn Mg Cr Zn Ti 
Others 
Each Total 
Rio Tinto 
Aluminium  6060 
0.36 
- 
0.46 
0.10 
- 
0.20 
0.05 0.10 
0.40 
- 
0.50 
0.05 0.05 0.05 0.05 0.15 
 
Table 3-1 - chemical composition of the AA6060 as specified by Rio Tinto Alcan (in 
wt%). 
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Cylindrical compression samples with a diameter of 16mm and height of 24mm (height 
diameter ratio of 1.5) were machined directly from the commercial AA6060 billet. 
Billets were sectioned so that the extrusion direction is parallel to the direction the 
billet was cast. A hole of (1.1mm diameter and 5mm depth) was drilled 1mm from the 
bottom of each sample to fit a thermocouple for in situ temperature measurement. 
Extrusion billets with a diameter of 60mm and length of 100mm were machined from 
the commercial AA6060 billet parallel to the direction the billet was cast (as shown in 
Figure 3-1 below).  
 
Figure 3-1 – Cross sectional view of the DC cast industrial billet. Extrusion billets 
were cut from the following areas of the DC material. 
All of the tested billets and compression samples were solution heat treated after 
machining in a muffle furnace at 540oC for 60 minutes and immediately quenched in 
water. This solution heat treatment has been performed to dissolve any MgSi 
precipitates into a super saturated solid solution without significantly affecting the 
condition of any AlFeSi intermetallic particles [29].  
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3.3 Extrusion 
A series of extrusion trials were conducted on Deakin University’s 300 ton large scale 
research-dedicated extrusion facility.  
Billets were heated to 450oC in an inline induction unit at approximately 2.25oC/s and 
extruded at a set ram speed of between 7-28 mm/s. The use of rapid induction heating 
to the extrusion temperature will minimise any unwanted precipitation that generally 
occurs during billet heating. An oil and graphite based lubricant was applied to the 
front of the ram to minimise back extrusion. Prior to extrusion the billet underwent a 
“crush/burp” cycle where it was compressed to fill the 63mm container (“crush”), the 
pressure is then removed briefly prior to extrusion to release any entrapped gas 
between the ram and billet (“burp”).  
The extrusions were performed semi-continuously whereby each successive extrusion 
was welded onto its predecessor in the die feeder chamber. To initially reach the puller 
two feeder billets were extruded and hence the die was pre-filled for all of the test 
conditions. Additionally the frontmost extrudate was clamped in the puller and used to 
bring the welded extrudates along the run out table during extrusion. Following 
extrusion, the butt end of the billets were removed by a shear to clean the back of the 
die for the next extrusion. After extrusion was complete, the extrudates were left to air-
cool on the run out table.  
The container and die temperatures were maintained at 420oC and 450oC respectively 
to promote sticking friction between the billet and container and minimise the inflow 
of billet skin [8]. Die temperature was recorded by means of a thermocouple imbedded 
into the die (approximately 5mm away from the bearing), while the billet and extrudate 
temperature measurements were conducted by means of inline infrared pyrometers. 
The “billet-temperature” pyrometer measures the temperature as the billet enters the 
container, the “press-exit temperature” pyrometer measures the profile temperature 
approximately 300mm from back of the die. Each of the pyrometers are rated to an 
accuracy of approximately ± 5oC at this temperature range. 
Each of the extrudates was then cut at the weld line between extrudates, and 
subsequently sectioned into three portions as shown in Figure 3-2. Portion (a) was sent 
for the anodisation pre-treatment process. Portion (b) was kept in the mill finish 
condition. Portion (c) was rejected as there was some potential back end defect as a 
result of the welding process. 
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Figure 3-2 – Side view of the extrudate. (a) Portion sent for the anodisation pre-
treatment process used analysis of the surface after etching (b) Portion used for 
analysis without any treatment (c) Rejected portion of the extrudate. 
Macrographs of section (a) of the extrudate were taken for visual analysis of any 
surface defects both before and after the anodisation pre-treatment process.  
Following extrusion all of the extrudates were artificially aged for 6 hours at 185oC in a 
fan forced temperature controlled ageing oven. Artificial ageing was performed within 
2 hours from the final extrusion to avoid significant natural ageing.  
3.3.1  Die design 
3.3.1.1 Die Profile 
The extrusion die profile (termed the “twin screw port” profile) is shown below in 
Figure 3-3 and has a reduction ratio of 18.6 for a billet size of 63mm. This profile 
geometry was selected as screw ports are a common feature in decorative aluminium 
extrusion profiles and the flat region above a screw port is considered especially streak 
prone [31, 40, 110]. The primary difference between the two screw ports is the wall 
thickness between the top plate of the profile and beginning of the port.  
 
Figure 3-3 – Screw port A - Large wall thickness, Screw port B - Thin wall thickness. 
1.4m 0.15m 0.35m 
(c) (b) (a) 
A B 
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For the remainder of this work, the screw port with the large wall thickness will be 
referred to as “screw port A”, while the screw port with the thinner wall thickness will 
be referred to as “screw port B”. 
3.3.1.2 Die Internal Geometry 
The internal geometry of the extrusion die was designed in conjunction with Austex 
Dies Pty Ltd. Detailed designs of the die used in this study and the traditional die 
design that has been corrected with additional compensation for friction around the 
screw ports and between the billet and container is shown below in Figure 3-4. Bearing 
lengths are provided green with profile geometric reference measurements in blue.  
The die design has been purposely sub-optimised to promote material flow variations 
between the top plate and the screw ports. During the die design stages the following 
design considerations were imposed, counteracting traditional die design 
considerations: 
• A constant bearing length was maintained along the whole top plate of the 
extrusion profile. A tapered bearing length reduction at the profile edges (as 
seen in Figure 3-4 b) is generally enacted to account for the “container effect”, 
which causes increased friction in the material contacting the container walls 
compared to the billets centre.  
• In traditional die design, a reduction of the feeder volume would be 
incorporated above screw port A in order to accommodate for the increased 
volume of material that flows through this region.  This was ignored in the 
current die. 
• Bearing lengths around the screw ports were left almost constant to unsuitably 
compensate for the increased friction caused by the larger surface area around 
the edges of the ports. Only minor bearing length reductions were made at the 
mid-point of the screw ports to ensure the profile did not warp uncontrollably 
during extrusion. Generally the bearing lengths contacting the screw ports are 
heavily adjusted to account for the increased friction in these regions (as shown 
in the regions surrounding the screw ports in Figure 3-4 b). 
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Figure 3-4 – Die internal geometry (a) Extrusion die used in this study that has been 
purposely designed to produce thermomechanical variation in the screw ports (b) an 
identical extrusion profile with corrected internal geometry. 
 
3.3.2 Commercial Anodisation treatment 
The extrudates were sent through the commercial anodisation pre-treatment process 
for at Collins Anodic as described below: 
• Cleaning in a 5% sodium chloride solution for 20 minutes at 53oC 
4.2 
1.8 
3.5 
1.7 3.0 
(b) 
1.8 
5.0 3.5 
3.0 
(a) 
 
 
50 
 
• Chemical etching in a 10% sodium hydroxide solution for 20 minutes at 52oC 
• Desmutting/Deoxidising in a non-chromated liquid desmutter and deoxidiser 
for 10 minutes at room temperature (approximately 18oC) 
After the anodisation pre-treatment process, the extrudate surface was assessed 
visually for any signs of streaking and macrographs were taken of the profile surface 
using a Canon EOS 1200D DLSR camera.  
Henceforth, extrudates that have been subjected to the anodisation pre-treatment 
process will be referred to as etched, whereby untreated samples will be referred to as 
mill finish.   
3.3.2.1 Surface loss 
The depth of the material removed from the surface of the extrudates during etching 
was measured using a micrometre. The thickness of the extrusion was measured at 
three points of the cross section (shown below in Figure 3-5) at five points along the 
length of the extrusion (for a total of 15 measurements per extrusion). Measurements 
were taken in both the mill finish and etched condition. As we are primarily concerned 
with material removed from the flat surface of the extrudate where any streaks will be 
visible, surface loss values are reported as half of the mean surface loss (as explained in Etch Depth = 0.5*(mean mill finish thickness-mean etched thickness)        Equation 3-1 
below).  
 
Figure 3-5 – Regions where thickness measurements where attained in relation to the 
profile cross section. 
 
𝐸𝐸𝐸𝐸𝐸𝐸ℎ 𝐷𝐷𝐷𝐷𝐷𝐷𝐸𝐸ℎ = 0.5 ∗ (𝑚𝑚𝐷𝐷𝑚𝑚𝑚𝑚 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚𝑓𝑓ℎ 𝐸𝐸ℎ𝑚𝑚𝐸𝐸𝑖𝑖𝑚𝑚𝐷𝐷𝑓𝑓𝑓𝑓 − 𝑚𝑚𝐷𝐷𝑚𝑚𝑚𝑚 𝐷𝐷𝐸𝐸𝐸𝐸ℎ𝐷𝐷𝑒𝑒 𝐸𝐸ℎ𝑚𝑚𝐸𝐸𝑖𝑖𝑚𝑚𝐷𝐷𝑓𝑓𝑓𝑓)    
Equation 3-1        
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3.4 Characterisation 
3.4.1 Colourimetry 
The colour of the extrudates in both the mill finish and etched condition was measured 
using a Datacolour 500 spectrophotometer under D65 illumination at a 10o viewing 
angle with a 3mm aperture. D65 illumination is a standard illuminant recommended 
by the CIE (Commission Internationale de l’Eclairage) for colourimetric calculation in 
average daylight [120].  
Measurements were performed on each of the extrudates in both the mill finish and 
etched condition. Five measurements were taken in each of the hatched regions 
(labelled a, β and γ as shown below in Figure 3-6) at random along the length of the 
extrudates.  
The following nomenclature will be utilised for the remained of this thesis, whereby (α) 
refers to the region adjacent to the large screw port towards the edge of the profile, (β) 
refers to the region directly over screw port A and (γ) refers to the region adjacent to 
the large screw port towards the centre of the profile. The regions analysed were 
selected due to their association with the location of streaks related to screw port A. 
These colourimetry results were averaged over the respective region for further 
analysis. In order to correctly perform colourimetric analysis accurately the entire 
aperture must be covered by the surface in question. As some streaks were too small to 
cover the required 3mm region of the smallest aperture, they were precluded from this 
analysis.  
 
Figure 3-6 - Locations of the colourimetry measurements along the profile surface.  
(α) 
(β) 
(γ) 
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All of the tested samples were cleaned in an ultrasonic bath with acetone for 3 minutes 
directly prior to testing. Additionally, special care was made to analyse regions along 
the length of the extrudate that were not damaged or scratched during extrusion and 
handling. However, regions with small amounts of residual lubricant or light surface 
damage were unavoidable and hence were considered part of the sample error.  
Surface colour was evaluated using the CIELAB colour space, defined by the 
Commission Internationale de l’Eclairage in 1976 [121]. CIELAB is based on the 
sensitivity of the human eye, whereby the apparent visible colour differences are 
directly correlated to the geometric distance between chromaticity coordinates in the 
colour space.  
In CIELAB, a given colour is represented by three coordinates in 3D space, namely L*, 
a* and b*. L* represents lightness ranging from L*= 0 (black) to L*=100 (diffuse 
white).  a* and b* are colour parameters that have no numerical limits, however in 
practice limits are generally imposed at -128 to +127. a* describes the range of green 
and magenta, and b* describes the range of yellow and blue. A 3D depiction of the 
visible gamut under D65 illumination depicted in the CIELAB colour space is shown 
below in Figure 3-7.   
 
Figure 3-7 - The visible gamut under D65 illumination, plotted in CIELAB [122]. 
 
3.4.2 Profilometry 
The top surface of the extrudates in both the mill finish and etched state were analysed 
using an Alicona InfiniteFocus Optical Profilometer.  The Alicona uses focus variation 
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technology combining a small depth of the focus optical system with vertical scanning 
to obtain three dimensional topographical surface maps in true colour. As a result, 
these maps can be utilised for both optical and topographical analysis.  
All images were plane and form corrected in the Alicona software to remove inherent 
primary profiles that stem from uneven measurement surfaces and twists in the 
extrudate prior to analysis. This allowed for the direct comparison between samples on 
an equivalent global coordinate system. After data acquisition, scanning probe image 
processor (SPIP) software was utilised for further analysis of the size and depth of 
surface features and for roughness calculations.  
Topographical maps sized ~2.24mm by 13.2mm were obtained above the two screw 
ports and ~1.15mm by 3mm over the streak in the profiles centre on the extrudates 
extruded at 7mm/s and 28mm/s in both the mill finish and etched condition (shown in 
Figure 3-8). These regions were selected due to their association with the visibility of 
the surface streaks. Each map was attained at 20x magnification, providing an 
approximate vertical resolution of ~50nm and lateral resolution of ~2.9µm. 
 
Figure 3-8 - Hatched areas show the regions where topographical maps were 
attained for initial analysis of the three streaked regions. 
More detailed topographical maps utilised for further analysis sized ~2.05mm by 
5.5mm were taken at three points on the surface of the extrudate relating to region 
relating to screw port A at all four tested ram speeds in both the mill finish and etched 
condition. The regions analysed were selected due to their association with the location 
of streaks related to screw port A (as shown in Figure 3-9 –below). Each map was 
attained at 50x magnification, providing an approximate vertical resolution of 20nm 
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and lateral resolution of 1.5µm. All maps were taken at approximately the same point 
on the length each extrudate.  
   
Figure 3-9 – Hatched areas show the regions where topographical maps were 
attained for detailed analysis of the region above screw port A. These maps were 
utilised in the measurement of key surface features and roughness calculations. 
3.4.2.1 Surface roughness 
The mean arithmetic roughness (Ra) was measured in each region. Ra is the most 
commonly utilised surface roughness measurement in engineering practice and 
provides a measure of the average of the peaks and valleys from the mean elevation of 
the profile. The average value for Ra was acquired from each map both longitudinally 
and transversely to the extrusion direction. Ra was averaged over ten measurements in 
the transverse direction and five in the longitudinal direction. The formula utilised in 
the calculation of Ra is shown below: 
𝑅𝑅𝑚𝑚 =  1
𝐿𝐿
∫ |𝑍𝑍(𝑥𝑥)|𝑒𝑒𝑥𝑥                                Equation 3-2 
Where L is the evaluation length and Z(x) are the profile ordinates of the roughness 
profile.  
3.4.2.2 Waviness 
Additional topographical profiles were taken on the surface of the extrudate sized 
approximately 2mm x 45mm, encompassing the width of the extrudates top surface 
transverse to the extrusion direction (shown below in Figure 3-10). Three maps were 
obtained for each of the four tested ram speeds in both the mill finish and etched 
(α) 
(β) 
(γ) 
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condition. Line profiles of each map were taken along the transverse direction and 
averaged over the 2mm map width. Each map was attained at 5x magnification, 
providing an approximate vertical resolution of 310nm and lateral resolution of 4.8µm.  
All measurements were taken at random along the length of each extrudate.   
These maps were utilised to assess the waviness of the extrudate surface across the 
transverse direction of the profile. Waviness profiles are deviations from the mean line 
that fall above the cut-off wavelength (λc) that are utilised in roughness measurements. 
These profiles are filtered prior to roughness analysis but can be utilised to assess 
larger irregularities in the extrudate surface. Waviness profile variations can be used to 
measure extrudate properties and defects such as minor profile deviations and dishing 
[4]. 
 
Figure 3-10 – Hatched area show the regions where topographical maps were 
attained for form analysis.  
3.4.3 Scanning electron microscopy (SEM) and Electron 
backscatter diffraction (EBSD)  
Scanning election microscopy with and EBSD module was utilised to investigate the 
material microstructure, in particular the size and orientation of the grains on the 
streaked surface. Orientation maps were obtained using a Zeiss Supra 55VP with an 
EBSD detector.  
While EBSD analysis generally requires a mirror-like smooth surface finish, any 
surface modification such as grinding, polishing or further chemical etching. would 
(2mm) 
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modify and possibly remove key features of the surface that cause streak defects. 
Therefore, segments of the extrudate were sectioned using a diamond cut-off wheel and 
scanned in the unmodified, as-etched condition. As the surface of the extrudates were 
heavily etched and as a result highly irregular, a high accelerating voltage of 30kV and 
120 μm aperture were utilised in the analysis to ensure sufficient indexing was 
achieved. Scans were conducted at a 70o tilt (to the incident electron beam) and 
working distance of between 10 – 15mm. Three maps (sized 2mm x 2mm) were 
obtained for each tested ram speed in the hatched regions shown below in Figure 3-11. 
Once again, the regions analysed were selected due to their association with the 
location of streaks related to screw port A. All EBSD maps were taken at approximately 
the same point on the length of each extrudate.  
 
Figure 3-11 - Hatched areas show the regions where EBSD maps were attained for 
analysis of grain size and texture. 
Zero solutions and isolated miss-indexed points of the acquired maps were removed in 
post-acquisition CHANNEL 5 software. Pixels of zero solution were examined for 
indexed neighbours, whereby if the number of indexed neighbours passed a pre-set 
minimum, the orientation of the pixel is replaced by the most common neighbouring 
orientation.   
While significant noise reduction can provide is risk of miss indexing, a theoretical 
study by Humphreys [123] has shown that by reducing the number of data points on an 
EBSD map the maximum step size must be less than 20% of the actual mean grain size 
for an error of ~10%, or below 12% for a ~5% error. Additionally, raw indexing rates of 
around 85% were required for accurate grain size prediction. However, through 
appropriate use of noise reduction infill, this value could be reduced to 50% indexing 
(α) 
(β) 
(γ) 
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while the error in the subsequent grain size measurements was maintained at a 
maximum of 5%. 
To ensure the accuracy of the grain size interpolation, a minimum of 60% indexing 
prior to noise reduction was achieved for each EBSD map and considered acceptable in 
this work. Additionally a small step size of ~2.2 μm (well below the recommended 12% 
when compared to the final grain size) and a minimum of 4 neighbours was utilised for 
noise reduction and high regions of zero solution were left unindexed to avoid 
significant miss-indexing. An example of a map before and after noise removal is 
shown below (Figure 3-12).  
 
Figure 3-12 – EBSD map before (a) and after (b) and noise reduction. 
 
Grain size was determined using the Heyn linear intercept method and averaging the 
results [124]. Grain sizes are reported as mean linear intercept length.  
 
 
 
 
 
 
(b) (a) 
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3.5 Finite element Analysis 
The commercial FE package, HyperXtrude was used to simulate the extrusion process. 
HyperXtrude uses the arbitrary Lagrangian Eulerian (ALE) technique finite element 
formulation by allowing both the computational mesh and material move 
independently of one another [125].  
3.5.1 Model and Mesh Geometry 
The HyperXtrude package was used to simulate the extrusion of the twin screw port 
profile (as shown in Figure 3-3). This model has the respective geometry of a workpiece 
moving through the twin screw port die, where the internal die geometry was modelled 
to match that of the physical die (as shown in Figure 3-4 a).  
The simulation of the extrusion process assumed the use of a pre-filled die where only 
the workpiece was modeled and all tooiling (die, container, ram) was considered as a 
series of rigid boundary conditions that surround the workpiece. In determination of 
the workpiece – boundary interactions, the workpiece model was split into four 
components; billet, feeder, bearing and the exiting free surface. Boundary conditions 
(in the form of  velocity, heat transfer coeficeints and friction factors) were applied at 
the faces where the workpiece connects with the tooling (i.e. Billet-Ram, Billet-
Contianer, Feeder – Die ect). The final model geometry, and a list of all applicable 
boundary conditions for each workpiece – boundary interface are shown below in 
Figure 3-13.   
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Figure 3-13– Model Geometry of the twin screw port profile. Workpiece – Boundary 
interactions and their respective boundary conditions are labelled in black. Values for 
the bearing measurements (where the bearing length changes and terminates) are 
taken from the start of the bearing.   
The final mesh of the profile geometry consisted of 4,991,953 elements, and 157,163 
nodes is shown in Figure 3-14 below. The element size was varied thoughout the 
primary components of the model in accordance with the extent of local deformation. 
The regions closest to the die bearing (Bearing and Profile) will undergo siginificant 
deformation, therefore a fine mesh consisting of triangular prism elements was applied 
to these regions. As only mild upsetting would occur in the billet, much coarser 
tetrahedral elements were applied. Additional details on the type of element used and 
the mesh desnity in the components of the model geometry is provideed in Table 3-2. 
 
Figure 3-14 – Mesh generation of the twin screw port HyperXtrude model. 
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Geometry Element Type Number of 
Elements Number of nodes 
Billet Tetrahedron 79,134 15,855 
Feeder Tetrahedron 242,905 48,082 
Bearing Triangular Prism 65,268 40,136 
Profile Triangular Prism 111,888 65,221 
Table 3-2 – Element type and distribution of the twin screw port HyperXtrude model. 
3.5.2 Simulation Parameter and Material Data 
3.5.2.1  Simulation parameters 
The initial simulation boundary parameters (as shown in Table 3-3 below) were 
programmed to match those of the experimental extrusions after the crush/burp cycle 
(as described in section 3.3 - Extrusion). As a result the initial state of the billet in the 
simulation is pre-compressed to a diameter of 63mm and length of 90.7mm, rather 
than the actual billet starting size of 60mm and 100mm length.  
The simulation was performed by means of a “transient moving boundary” analysis 
where the boundary conditions of the simulation are time-dependant. As a result, the 
simulation boundary conditions (most commonly temperature and equivalent strain) 
vary with each simulation step. For this analysis the feeder, bearing and profile mesh 
remain constant but the billet scales down in accordance with the ram displacement for 
each time step. A maximum of 20 equally spaced time steps were analysed in each 
simulation. The total extrusion time varied depending on the applied ram speed, as did 
length of each time step for each respective ram speed. As a result, comparisons 
between simulation results was done on the basis of equivalent ram displacements 
rather than time.  
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Table 3-3 – Summary of the boundary parameters used in the HyperXtrude 
simulations of the extrusion process. 
3.5.2.2 Material Model 
The high temperature material behaviour of the AA6060 aluminium was described 
using the Sellars – Tegart model [126]: 
σ =  1
𝑎𝑎
𝑓𝑓𝑚𝑚𝑚𝑚ℎ−1(𝑍𝑍
𝐴𝐴
)1𝑛𝑛                                  Equation 3-3 
where σ is the material flow stress, α, A and n are material constants and Z is the 
Zener-Hollomon parameter as defined by: 
Z = 𝜀𝜀̇ exp( 𝑄𝑄
𝑅𝑅𝑅𝑅
)                             Equation 3-4                                              
Where  𝜀𝜀̇ is the strain rate, Q is the material activation enery, T is the temperature in 
kelvin, and R is the universal gas constant (=8.314 J/mol K). The values used in this 
work were determined from a series of elevated temperature compression tests 
performed at a range of strain rates relevant to the extrusion process. The development 
of the model is available in Appendix 1 – Hot Compression and Constitutive Model 
Development. From the model development the following values for the material 
constants were attained: α=2.42𝑥𝑥10−8  𝑚𝑚2
𝑁𝑁
, n=5.78896, Q =193.93 KJ/mol and A= 
1.00784𝑥𝑥1014𝑓𝑓−1. 
Container Diameter/ Billet 
Diameter  
63mm 
Billet length 90.7mm 
Initial Billet Temperature 450oC 
Initial Die temperature 450oC 
Initial container temperature 420oC 
Ram Temperature 450oC 
Ram Speeds & Ram Acceleration 
7mm/s – 3 seconds 
14 mm/s - 1.5 seconds 
21 - 1 second 
28 mm/s - 0.75 seconds 
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Additional thermal and pysical material properties were obtained from the 
HyperXtrude material database for AA6060 and are summerised in Table 3-4 below. 
Table 3-4 – Thermal and physical properties used in the HyperXtrude simulations of 
the extrusion process. 
3.5.2.3 Fitting parameters  
Thermomechanical streaks are believed to be dependent on thermomechanical 
variations that can potentially occur during the deformation stage of the extrusion 
process. In FE simulation of the extrusion process, the predicted thermomechanical 
parameters are highly dependent on the specified fitting parameters. The most 
commonly utilised fitting parameters in extrusion simulation are the frictional model 
and coefficient, and convective heat transfer coefficient between the workpiece and 
extrusion tooling.  
To ensure the validity of the results and that any thermomechanical variations 
identified during the extrusion simulation do not purely arise as a result of poorly 
chosen fitting parameters, a sensitivity study was performed. In the study, simulations 
of the 7mm/s and 28mm/s extrusions were performed where values for the frictional 
and heat transfer coefficients were varied between commonly utilised values from the 
literature. The attained simulation results (specifically extrusion loads and exit 
temperatures) were compared to their experimental counterparts and the most 
appropriate parameters were utilised for subsequent analysis. From the sensitivity 
study the following fitting parameters were found to best match the experimental 
extrusions and were subsequently utilised for in the simulations: 
• Sticking friction was applied between the billet and container, whilst friction 
between the profile and die was set to µ=0.3 using the viscoplastic friction 
model.  
Density (ρ) 2685 kg/m3 
Specific Heat (c) 878 J/Kg-K 
Conductivity (k) 200 W/m-K 
Young’s Modulus (E) 4 * 1010 Pa  
Poisson Ratio (ν) 0.35 
Plastic work converted to heat 90% 
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• A convective heat transfer coefficient of 3000 W/m2K was applied between the 
workpiece and all tooling.  
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4.1  Introduction 
As discussed in Chapter 2, there have been a number of studies on the topic of 
streaking in anodised profiles dating back to the early 1980s [89, 106, 108, 110, 113]. 
These studies have generally utilised extrudates attained directly from the extrusion 
industry that were rejected for the appearance of a streak defect. As a result, the 
thermal and mechanical history of these extrudates and the analysis of potentially 
significant elements such as extrusion process conditions and die design are often 
unknown and not considered. Additionally, the appearance of the extrudates in the mill 
finish condition is unavailable and unexplored. As there are many known potential 
causes of streak defects that can stem from initial billet condition to the final 
anodisation process, analysis of the entire extrusion process chain must be considered.  
This chapter aims to address these deficiencies by examining a streaked AA6060 
extrusion profile, encapsulating the entire process chain, by involving preparation of 
the billet, extrusion of the profile using custom die designed to promote 
thermomechanical streaking and finishing with an industrial anodisation pre-
treatment. In the first part of this chapter the preparation of the extrusion process is 
outlined and the results are presented. Secondly, the visual appearance and surface of 
the extrudates is analysed through a combination of optical analysis, optical 
profilometry and colourimetry. Finally the results are discussed. 
4.2 Experimental Method 
AA6060 extrusions were performed at 450oC at four set ram speeds of 7, 14, 21 and 
28mm/s. After extrusion the profiles were allowed to air cool to room temperature. The 
extrusion process utilised a tailored profile geometry and die design that encouraged 
thermomechanical streak formation. The profiles underwent an industrial anodisation 
pre-treatment process whereby four streaks were revealed on the flat surface of the 
profile under all testing conditions. Extrudate surfaces in both the mill finish and 
etched condition were assessed visually and etch depth measurements were attained. 
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Optical profilometry was utilised to attain topographical maps as well as surface and 
waviness profiles. Topographical maps were taken above the two screw ports and over 
the streak in the profiles centre on the extrudates extruded at 7mm/s and 28mm/s in 
both the mill finish and etched condition. These regions were selected due to their 
association with the visibility of the surface streaks (as described in section 
Profilometry - 3.4.2). Waviness profiles were attained across the transverse length of 
the extrudate at all four ram speeds in both the mill finish and etched condition.    
The visibility of the streak defects was measured using a spectrophotometer with D65 
illumination at a 10o viewing angle with a 3mm aperture. Measurements were 
performed for all of the extrudates in both the mill finish and treated condition. The 
regions analysed were selected due to their association with the location of streaks 
related to screw port A (as outlined in section 3.4.1 - Colourimetry) Surface colour of 
each region was quantified using the CIELAB colour space. Five measurements were 
taken in each region and the respective L*, a* and b* results were exported and 
averaged. 
4.3 Results 
4.3.1 Extrusion 
Extrusions were performed at an initial billet temperature of 450oC at range of set ram 
speeds (7, 14, 21, 28mm/s). A summary of the extrusion parameters and process 
outputs are provided in Table 4-1. Through analysis of the Extrusion load – Ram 
displacement curves (Figure 4-1), profile exit temperatures (Figure 4-2) and the mill 
finish surface quality of the extrudates (Figure 4-3), the following observations can be 
made:   
1. The extrusion pressure – ram displacement curves after the crush-burp cycle 
(shown in Figure 4-1) are typical for the direct extrusion process; the pressure 
initially increases rapidly as the billet is compressed into the die inlet and then 
undergoes breakthrough. The peak pressure then occurs as a result of the 
development of the deformation zone [127]. The extrusion pressure then 
decreases as the billet length is reduced. As the extrusion nears completion the 
short billet length inhibits further flow resulting in a plateau and slight rise in 
the load and the end of the extrusion process. Furthermore, the required 
extrusion load throughout the process increases alongside increases in the ram 
speed, with the peak load increasing from 1.17MN for the 7mm/s extrusion to 
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1.47MN for the 28mm/s extrusion. The measured peak loads for each extrusion 
are provided in Table 4-1. 
2. The profile exit temperatures are plotted against the ram displacement and 
shown in Figure 4-2. The Exit temperature values ranged between a minimum 
of 453oC  at the beginning of the 7mm/s extrusion and 504oC towards the end of 
the 28mm/s extrusion. Additionally, the average profile exit temperature 
increased with the applied ram speed. Peak exit temperature values are also 
provided in Table 4-1. A considerable rise in the exudate temperature was 
observed when considering the 7mm/s and 14mm/s extrusion, equating to 
approximately 20oC throughout the extrusion process. A delay between the 
extruded profile reaching the exit pyrometer (occurring at a ram displacement 
of 20mm for this respective profile) and temperature detection was observed 
during this process, and was exacerbated considerably alongside increases in 
ram speed. It is apparent that some initial exit temperature data was not 
recorded, especially in the case of the 21mm/s and 28mm/s extrusion. As a 
result determination of the temperature rise over the length of the extrudate is 
not available for these extrusions.  
 
3. Macrographs of the mill finish surface are shown in Figure 4-3. The general 
profile surface finish exhibited a large number of micro-die lines running along 
the length of the extrudate on all surfaces. This is typical of mill finish 
extrusions.  
Additionally, each of the extrudates displayed a degree of distortion and surface 
damage. The most prominent defects present on all of the extrudates were 
minor surface scuffs on the edge of the extrudates towards screw port B and 
serrations along the bottom of screw port A. A more detailed example image of 
the surface scuffs in the 7mm/s extrudate are provided in Figure 4-4 (a), while 
an example of the serrations of the screw port in the 28mm/s extrusion is 
provided in Figure 4-4 (b). 
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Table 4-1 – Summary table of the processing parameters of the AA6060 Extrusions. 
 
 
Figure 4-1 – Extrusion load – Ram displacement curves of AA6060 at a constant 
billet temperature of 450oC. 
 
Input 
Ram 
speed 
(mm/s) 
Measured 
Ram 
Speed 
(mm/s) 
Initial Billet 
temperature 
(Co) 
Calculated 
Exit speed 
(M/min) 
Peak 
Load 
(MN) 
Peak Exit 
Temperature 
(oC) 
ΔT 
(oC) 
7 6.35 448.4 7.17 1.156 473.0 24.6 
14 13.31 449.0 15.03 1.344 487.0 38 
21 20.1 449.8 22.69 1.382 497.0 47.2 
28 26.6 442.2 30.03 1.470 504.9 62.7 
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Figure 4-2 – Exit temperature – Ram displacement profiles of AA6060 extruded at an 
initial billet temperature of 450oC.  
Ram 
Speed Top View Underside View 
7mm/s 
 
(a) 
 
     
Figure 4-3 – Macrographs of the mill finish surface quality directly post 
extrusion.  
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14mm/s 
 
(b) 
  
21mm/s 
 
(c) 
  
28mm/s 
 
(d) 
 
 
Figure 4-3 continuted – Macrographs of the mill finish surface quality directly post 
extrusion. Screw port A is always shown on the left side of each image while Screw 
port b is on the right for both views.  
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(a)                                                                               (b) 
Figure 4-4 - Macrographs of Surface scuffs above on the edge of the 7mm/s extrudate 
(a), Serrations on the bottom of screw port B in the 21mm/s extrudate (b). Images 
were taken in the regions of the extrudate where the observed defect was most severe. 
  
 
 
71 
 
4.3.2 Surface appearance after anodisation pre-treatment 
The etched surfaces of the extrudates were analysed optically. Macrographs of the 
extrudate surfaces after the anodisation pre-treatment process are shown in Figure 4-5. 
Four streaks were identified on each extrusion (Figure 4-6). Furthermore, the amount 
of material removed from the streaked surface during etching was examined and 
characterised as the etch depth (as explained in 3.3.2.1 - Surface loss). Etch depth 
measurements are provided in Figure 4-7. From visual analysis of the profiles in the 
etched condition, the following observations can be made: 
1. Four streaks are visible on the flat surface of the profile under all testing 
conditions. The streaks can be summarised as follows: 
• A thick dull streak (henceforth termed streak (A)) was related to the 
region above screw port A. The width of this streak varied depending on 
the ram speed. The streak width encompassed a region from to the 
profiles edge to above screw port A in the 7mm/s and 14mm/s 
extrusion, while the streak was only observed in the region directly 
above screw port A in the extrusions conducted at 21mm/s and 
28mm/s. An example of this trend in the streaks observed in the 7mm/s 
and 28mm/s extrusions is shown in Figure 4-6. 
• A thin dull streak in an independent zone (henceforth termed streak (B) 
- Figure 4-6 (b)), slightly offset from profiles centre towards screw port 
A.  
• Two thin dull streaks (henceforth termed streak (C) and (D) 
respectively) were located above each side of the screw port B  
2. All of the streaks cover the entire longitudinal length of each extrusion.  
3. No observable difference in the shade or width of the streaks was observed 
along the longitudinal length of each respective extrusion.  
4. The amount of material removed from the streaked surface during etching was 
examined and characterised as the etch depth. Etch depth measurements from 
the streaked surface are shown in Figure 4-7, where error bars show a single 
standard deviation from the mean.  The mean surface etch depths all fall within 
the range of 31±5μm where no significant difference in the etch depth was 
observed for the range of tested ram speeds.  
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Ram Speed Macrograph 
7mm/s 
 
 
14mm/s 
 
 
 
 
 
 
 
 
Figure 4-5 – Macrographs of the mill finish surface quality directly post 
extrusion.  
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21mm/s 
 
 
28mm/s 
 
 
 
Figure 4-5 continued – Macrographs of the extrudates after the anodisation pre-
treatment process. 
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(a) - 7mm/s                                                                 (b) - 28mm/s 
Figure 4-6 – Locations of the streak defects after the anodisation pre-treatment 
process. In all extrudates four prominent streaks can be observed. Three the region 
above the screw ports (A), (C) and (D) and one in an independent zone towards the 
centre of the profile. The width of streak (A) varies between depending of ram speed, 
covering a region from to the profiles edge to above screw port the 7 and 14mm/s 
extrusion (a) while only encompassing the region above the screw port the 21 and 
28mm/s extrusion (b).  
 
Figure 4-7 – The mean depth of material removed from the streaked surface in the 
anodisation pre-treatment process. Error bars show a single standard deviation from 
the mean.  
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4.3.3 Optical Profilometry 
The extrudate surface was analysed using an Alicona InfiniteFocus Optical 
Profilometer. Topographical maps of the streaked regions of the extrudate (above each 
screw port and at the profiles centre) are presented in Figure 4-8 -Figure 4-13. 
Waviness profiles of the entire profile width are presented in Figure 4-14. As only 
minor differences were observed between waviness measurements a representative 
curve for each sample was utilised in Figure 4-14. The remaining waviness profiles are 
included in Appendix 2 – Waviness Profiles. Analysis of the topographical data 
revealed the following observations: 
1. All samples in the mill finish condition displayed a topographical surface that 
almost exclusively consists of die lines of various widths and depths that extend 
along the extrusion direction. In the etched condition the surface is significantly 
more complex, with all extrudate exhibiting surface features such as etching 
pits, grain etching steps, grain boundary grooves and the remnants of die lines.  
To elucidate the root causes of these topographical features and to quantify 
their impact on the extrudate surface appearance, a more detailed assessment 
of the extrudate surface topography and microstructure has been conducted in 
Chapter 5 - Topographical and microstructural analysis of a streaked profile. 
2. Topographical data of the streak located in the independent zone towards the 
centre of the extrudate is shown in Figure 4-8 and Figure 4-9 for the 7mm/s 
and 28mm/s extrusions respectively. In both extrudates, a cluster of four 
prominent die lines were found to be present on the surface of the extrudate in 
the mill finish condition. These central die lines were found to be approximately 
7 - 8µm deep compared to the average die line depth of 1-2µm. Furthermore, 
the die lines were not removed during the anodisation pre-treatment process 
and were also present in the etched condition. Their size and depth remained 
relatively unchanged. 
These die lines were present on all extrusions, their size and depth was 
independent of the ram speed and practically identical for all samples. These 
die line clusters can be identified on the waviness profiles that encompass the 
profiles surface in Figure 4-14. They are located at the approximately 20mm 
mark along the transverse length for all samples in both the mill finish and 
etched condition. 
3. Topographical maps and surface profiles of the regions above screw port A and 
screw port B for the extrusions performed at 7mm/s and 28mm/s are shown in 
Figure 4-10 to Figure 4-13. These samples show some instances of severe die 
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lines with an average depth of 7 - 8µm that were present in the mill finish 
condition and not adequately removed during the anodisation pre-treatment 
process. However, unlike the central die lines, the position of these die lines is 
inconsistent and varies between samples.  
4. The surface of the extrudates was determined to not be completely flat, with all 
tested sample surfaces show a degree of waviness variation, particularly in the 
regions where the screw ports were located (see Figure 4-14). The sample region 
above screw port A was consistently found to be recessed compared to the 
surrounding regions at both analysed ram speeds in both the etched and mill 
finish conditions (Figure 4-10 and Figure 4-11), though the depth of this recess 
varied between samples. The waviness variation surrounding screw port B 
(Figure 4-12 & Figure 4-13) was less apparent, with most samples showing only 
a slight deviations in this region. 
When the waviness was analysed over the entire width of the profiles surface 
(Figure 4-14), it was observed that the general shape and amplitude of the curve 
is unchanged by ram speed and etching. The surface waviness of all tested 
samples, except the mill finish sample extruded at 7mm/s, followed the same 
general trend whereby: 
 
• The sample height starts at its maximum point and gradually decreases 
along the transverse length and a recess is observed in the region above 
screw port A. 
• The sample height then rises in the centre to generally match that of the 
start position. This region also contains the die line cluster, visible as 
four sharp drops in the measured depth at the ~20mm mark along the 
transverse length. 
• The height once again decreases whereby a second recess is observed in 
the region above screw port B, the magnitude of which is significantly 
smaller than that of the above Screw port A.  
• The sample height then increases progressively until it reaches the 
sample edge and a rapid drop off is observed. 
 
5. The amplitude of the measured waviness deviations in the 7mm’s mill finish 
extrusion were found to be larger than the other samples and significant 
differences in the shape of the waviness curve were observed: 
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• The sample height starts at its largest point and then recesses 
significantly. Unlike the other samples, this recess is significantly 
narrower and slightly offset from screw port A towards the edge of the 
profile, rather than directly over it.   
• The sample height then rises in the centre to generally match that of the 
start position. The die line cluster is unchanged in this sample, visible as 
four sharp drops in the measured depth at the ~20mm mark along the 
transverse length. 
• Two significant recesses were observed at above Screw port B rather 
than just one. Each recess was approximately located above each arm of 
the screw port. 
• Finally, the sample height once again increases to the approximate 
maximum point and rapidly drops off signifying the edge of the sample.  
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Figure 4-8 - Topographical maps and surface profiles of the streak located in the 
independent zone towards the profiles centre in the: 7mm/s extrusion - (a) Mill finish 
and (b) etched condition. The area of the image highlighted in red represents the 
region where the averaged surface line profile was obtained. 
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Figure 4-9 – Topographical maps and surface profiles of the streak located in the 
independent zone towards the profiles centre in the: 28mm/s extrusion - (a) Mill 
finish and (b) etched condition. The area of the image highlighted in red represents 
the region where the averaged surface line profile was obtained. 
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Figure 4-10 – Topographical maps and surface profiles encompassing the region 
located above screw port A: 7mm/s - (a) Mill finish and (b) Etched condition. The 
area of the image highlighted in red represents the region where the averaged surface 
line profile was obtained. Note: The topographical scale differs between the two 
images to better suit the respective depth values.  
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Figure 4-11 - Topographical maps and surface profiles encompassing the region 
located above screw port A: 28mm/s - (a) Mill finish and (b) Etched condition. The 
area of the image highlighted in red represents the region where the averaged surface 
line profile was obtained. 
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Figure 4-12 - Topographical maps and surface profiles encompassing the region 
located above screw port B: 7mm/s - (a) Mill finish and (b) Etched condition. The 
area of the image highlighted in red represents the region where the averaged surface 
line profile was obtained. 
  
 
 
83 
 
 
 
Figure 4-13 - Topographical maps and surface profiles encompassing the region 
located above screw port B: 28mm/s - (a) Mill finish and (b) Etched condition. The 
area of the image highlighted in red represents the region where the averaged surface 
line profile was obtained. 
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(a) Mill Finish transverse waviness profiles 
 
 
(b) Etched transverse waviness profiles 
Figure 4-14 – Topographical waviness profiles taken on the extrudate flat surface 
where the streaks can be observed in the etched samples. Waviness profiles were 
taken transverse to the extrusion direction in the (a) Mill finish and (b) etched 
condition. 
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4.3.4 Colourimetry 
The colour of streak (A) that was related to the region above screw port A in both the 
mill finish and etched condition was measured using a Datacolour 500 
spectrophotometer and represented using the CIELAB colour space.   The L*, a* and b* 
colour coordinates of the α, β, and γ regions on the surface of the extrudates above the 
screw port in both the mill finish (Figure 4-15) and etched (Figure 4-16) condition are 
shown below. From the colour and lightness values (L*, a* & b*) the following 
observations can be made: 
1. In the mill finish condition (Figure 4-15), no appreciable differences in the 
lightness and colour values of the extrudates was observed, with all L*a*b* 
colour measurements denoting that the samples exhibit an analogous shade of 
grey with a slight blue quality. This blue chromaticity denoted in the negative b* 
values, which varied slightly in intensity between samples, ranging from 
approximately -1 to -3 (Figure 4-15 c). However, no inherent trends were 
observed relating to the extrusion ram speed and sample position between the 
α, β, and γ regions. The L* and a* values of the mill finish extrudates remained 
consistent in all tested conditions.  
2. The samples in the etched condition (Figure 4-16 a) all show an increased 
lightness (in the range of L*=87 – 90) compared to the mill finish condition 
(Figure 4-16 a) (in the range L*=77.5 – 78.5), equating to a 10% to 12.5% 
increase in perceived lightness. As all the a* and b* values are close to zero, the 
etched samples can be considered almost purely shades of grey. This indicates 
that the anodisation pre-treatment process increases the perceived lightness of 
the extrudates while minimising the inherent chromaticity components of the 
metal surface post extrusion. 
3. In the etched condition, distinct differences in the lightness values are observed 
depending on the applied ram speed and position on the extrudate with 
reference to the screw port geometry (Figure 4-16 a). In the 7mm/s and 
14mm/s extrusions the α and β regions display equivalent lightness of L*=87.5 ± 
0.5. The γ region shows a comparatively increased lightness of L*=89 ± 0.5. In 
the 21mm/s and 28mm/s extrusions, a significant increase in the lightness of 
the α* region is observed, with L* values increasing to 90 ± 0.5. The lightness of 
the β and γ region of these extrudates remained functionally unchanged and 
matched that of the slower extrusions.  
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4. The values for L*, a* and b* colour coordinates remained consistent along the 
entire length of the extrudate for all samples, in all regions and for both the mill 
finish and etched conditions.  
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(a) Mill Finish Lightness 
 
(b) Mill finish a* 
Figure 4-15 – Average (a) - Lightness, (b) - a* and (c) - b* of the extrudate mill finish 
surface as related to the region above and surrounding screw port A. 
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(c) Mill finish b* 
Figure 4-15 Continued – Average (a) - Lightness, (b) - a* and (c) - b* of the extrudate 
mill finish surface as related to the region above and surrounding screw port A. 
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(a) Etched Lightness 
 
(b) Etched a* 
Figure 4-16 - Average (a) - Lightness, (b) - a* and (c) - b* of the extrudate etched 
surface as related to the regions above and surrounding screw port A. 
87
87.5
88
88.5
89
89.5
90
90.5
91
α β γ
L
7mm/s
14mm/s
21mm/s
28mm/s
-0.2
-0.15
-0.1
-0.05
0
0.05
0.1
α β γ
a*
7mm/s
14mm/s
21mm/s
28mm/s
 
 
90 
 
 
 
(c) Etched b* 
Figure 4-16 Continued - Average (a) - Lightness, (b) - a* and (c) - b* of the extrudate 
etched surface as related to the regions above and surrounding screw port A. 
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4.4 Discussion 
The following discussion is divided into four sections, all focusing on aspects that affect 
the surface quality of the extrudate. The first section discusses the relationship between 
the extrusion process and the general product quality of the mill finish extrudate.  
The relationship between features of the mill finish extrudate (such as die lines are 
surface damage) and streaking is then discussed. Furthermore, this section delineates 
the origin of Streak (B) located in an independent zone towards the centre of the profile 
that was not associated with any cross sectional geometric features.   
The third section discusses the thermomechanical origin of the remaining three streaks 
[Streaks (A), (C) and (D)]. Particular attention is devoted to the position and 
characteristics of the formed streaks and the approach used to eliminate the other 
possible causes of streaking from occurring during processing.  
Finally, the visual appearance and severity of the streaks are discussed with relation to 
how they are perceived by the human eye.  
4.4.1 The extrusion process and extrudate mill finish surface 
quality 
The shape of the all the AA6060 extrusion load- ram displacement curves (Figure 4-1) 
were shown to be similar, and typical of the direct extrusion process of aluminium. The 
increase in the observed peak, and subsequent extrusion loads alongside increases in 
ram speed can be attributed to the work hardening and counteracting softening 
mechanisms of aluminium. In materials with a high stacking fault energy such as 
aluminium, the rate of work hardening is balanced by the material softening from 
dynamic recovery (DRV) [128]. At the early stages of deformation, dislocations 
multiply, and the material undergoes significant work hardening, resulting in the rapid 
increase in the material flow stress and the observed peak load. The flow stress then 
remains relatively consistent with increasing deformation, decreasing progressively 
due to gradual increases in the temperature from deformation heating. This is 
controlled by the onset of softening due to DRV, which counteracts the effect of work 
hardening, whereby the flow stress reaches a steady state plateau. An increase in the 
ram speed (equating to an increase in the strain rate) allows less time for dynamic 
recovery to counteract the increase in flow stress from work hardening, and 
subsequently an increase in the extrusion load is observed [4, 55, 129].  
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The increase in exit temperature alongside increases in ram speed (Figure 4-2) is 
related to the combined effects of numerous thermal events that occur during extrusion 
relating to extrusion time, heat transfer, friction and extrusion pressure. Temperature 
increase during extrusion is a complex process that is controlled by the combined 
effects of deformation heating and frictional heating at tooling interfaces[4, 130]. 
Deformation heating is pressure dependant and at higher ram speeds, the extrusion 
pressure is increased due to the strain rate sensitivity of aluminium (as explained 
above). Similarly, frictional heating occurs in the contact regions between the 
workpiece and tooling, and has been shown to increase alongside increases in 
boundary sliding velocity (in extrusion, sliding velocity is equal the velocity difference 
between the moving material and stationary tooling) [4]. These effects combined, 
result in increased heat generation during deformation. Furthermore, increases in ram 
speed reduce the length of time where heat loss to the tooling and atmosphere occurs. 
The compounding effects of these three phenomena generally result in the observed net 
increase in the extrusion exit temperature alongside increases in ram speed.  
The difference in the initial extrusion behaviour (between a ram dispacement of 0 and 
15mm) between the extursion conditions can possibly be atrributed to the use of a pre-
filled die. After each succesive extrusion the shear removes a majority of the butt end of 
the billet that remains in the back of the die. However, this process is imperfect and 
there is often material left around the die inlet that has not been removed. As a result 
the initial inflow of the material into the prefilled die may differ depending on the 
amount of material left at the front of the die with a corresponding effect on the intial 
extrusion pressure. 
The scuffs and serrations observed on the mill finish profiles (Figure 4-4) during the 
extrusion process is most likely a consequence of the manner in which the die was 
designed and the high extrusion speeds utilised [131-133]. This damage may be 
attributed to the fact that the die feeder and bearing was specifically designed and 
constructed such that it did not account for any difference in flow velocity and between 
the top surface and two screw ports. As the die was intended to promote 
thermomechanical variation between the screw ports and top plates, inhomogeneous 
metal flow in the form of profile exit velocity variation is expected.  
Variations in the profile exit velocity are generally identified through inspection of the 
front end of the first extrusion, commonly referred to as the “nose” [134]. When a die is 
well designed, the profile should exit at an uniform cross sectional velocity and the 
nose will appear straight with no curves or twists. The nose for the profile used in this 
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current study is shown below in Figure 4-17 and exhibits significant bowing along the 
extrudate front and at the bottom of the screw ports.  
             
 
Figure 4-17 – Nose section of the first extrusion (a) top view and (b) side view. 
It is well known in extrusion processing that frictional forces increase from the centre 
of the billet towards the container due to the “container effect’ (as described in chapter 
2.4.3.4 – Die Design). As a result bearing lengths are generally shortened when the 
profile geometry approaches the billet to compensate for the increased friction from 
the container [46]. Additionally, geometric complexities in the cross section also 
generally require changes to the bearing depending on their size and position. Features 
such as screw ports often have shorted bearing lengths surrounding them to 
accommodate the additional friction produced by the increased surface area they 
necessitate. As we intentionally did not compensate for these factors in the utilised die 
in an effort to promote streaking (outlined in chapter 3.4.1.2 – Internal die geometry), 
it is likely that increased flow velocity from material located towards the centre of the 
billet resulted in the convex shape of the nose and the slight twist in the profile. While 
the final profile itself is kept relatively straight by the puller system, this flow 
inhomogeneity coupled with the extreme frictional forces imposed in the die bearing is 
the likely cause for the cosmetic damage (surface scuffs and serrations observed in 
Figure 4-4) and waviness of the top plate (as observed in Figure 4-14) that was 
observed in the extruded profiles [133].  
 
(a) 
 
 
(b) 
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4.4.2 The relationship between mill finish surface quality and 
streaking. 
While the streak located in the centre of the extrudate has a similar appearance to the 
streaks located above the screw ports, unlike the other streaks it has no association 
with a geometric feature in the profiles geometric cross section. From the topographical 
results shown in Figure 4-9 -Figure 4-14, is it apparent that while most die lines were 
removed during etching, the die line cluster located in this region has survived the 
anodisation pre-treatment process and remains on the etched samples. The 
relationship between die lines or surface damage and streaking has been known for 
some time. Previous studies have shown that streaking defects can form due to local 
physical variations (such as die or score lines) in the extrudate surface [4, 31, 86]. Non-
uniformity of die lines on the profile surface is an unavoidable product of the extrusion 
process, and streaking defects have shown to be the product of the visible remains of a 
prominent die line or surface abrasions in the extrudate surface [40, 86, 88, 117]. The 
various formation mechanisms of die lines formation were previously described in 
chapter 2.5.2 – Formation of Streaking defects - Die lines.   
The die lines that occurred consistently such as the aforementioned central die line 
cluster are likely caused by errors in manufacturing the die bearing, hard to remove 
particles adhering to the die surface, or permanent damage to the die [49, 100]. Both of 
these mechanisms will create die lines which are practically identical size and location 
that continue over multiple extrusion cycles, as was observed in the current batch of 
extrusions (Figure 4-8 & Figure 4-9).  
The final visibility of die lines are altered by the etching process. Die lines react more 
quickly than the surrounding regions due to their increased surface area and as a result 
are often levelled out or removed during etching. However, if die lines are not 
completely removed during etching (due to disproportionately large die lines, 
insufficient etching time, low etching temperature or a weak etching solution etc.), 
localized profile surface variations that stretch along the length of the extrudate can 
remain and produce a visible streak defect [10, 40, 103]. This is the likely cause of the 
streak (B) located in the central region of the profile. In the mill finish condition, the 
observed die line cluster was previously occluded by surrounding die lines and hence 
was practically indistinguishable. In the etched condition where the surrounding die 
lines are removed in favour of the etched surface features, the visibility of the 
remaining die line cluster is accentuated and the visible streak is formed.    
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While die lines were observed in the etched condition of the regions above screw port A 
and B (relating to streaks (A), (C) and (D) shown in Figure 4-10 Figure 4-12), they were 
inconsistent in position and few in number, and as a result did not encompass the 
width of the respective visible streaks. Inconsistent die lines that changed in position 
and severity such as those found in the regions above screw port A and B were likely 
formed due to temporary oxide inclusions on the bearing face or trapped contaminants 
causing erratically distributed score lines. These die lines change in position and 
severity as material is deposited and subsequently relocated or detached from the 
bearing surface [49, 100]. This is particularly apparent in the topographical maps of 
the region above screw port A, where in the 28mm/s extrusions (Figure 4-11) a 
significant die line can be observed in the centre of the map that was not there in the 
7mm/s extrusion (Figure 4-10). As these extrusion were performed in succession with 
the 7mm/s extrusion proceeding the 28mm/s extrusion, the lack of die line on the 
7mm/s extrusion suggests that this die line was caused by a temporary inclusion that 
only affected the 28mm/s extrudate.  
Concerning the remaining streaks (A), (C) and (D), although some severe die lines were 
observed in the etched condition, as their presence and position was inconsistent 
throughout the tested samples and as a result, cannot be the principal cause of streak 
formation throughout these regions.  
4.4.3 Origin of Streaks (A), (C) and (D) 
One of the primary factors that has limited the work done on thermomechanical 
streaking is the availability of streaked profiles from the industry. These defected 
profiles however often come with the caveat of incomplete knowledge of the billet 
preparation, extrusion process conditions and die designs. As a result, the assertion 
that the identified streaks are indeed thermomechanical in origin is difficult to assure, 
as many of the other streak types cannot be eliminated without knowledge of the entire 
process chain.  
This study differs from prior work on the topic by using a “from the ground up” 
approach to design an extrusion profile and process that is able to reproduce 
thermometrical streaks while using best available practice to eliminate the possibility 
of other streaks occurring. The following section compares the streaked profiles 
produced in this study to known streak types and their respective identifiers from the 
industry, and evaluates whether the streaks in question are most likely 
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thermomechanical and not caused by alternate means (such as poor billet quality,  
welds, etc.).  
4.4.3.1 Thermomechanical streaking 
The primary attribute that is used to identify thermomechanical streaking in the 
extrusion industry is the association of the streaks with geometric features of the 
profile geometry [40, 43, 44, 88, 113, 117]. Through optical analysis of the current 
profiles (Figure 4-6), it was determined that Streaks (A), (C) and (D)) were closely 
associated, and encompass a region above the two screw ports. In all profiles, streaks 
(C) and (D) were located directly over screw port B, specifically encompassing the 
region directly above each arm of the screw port where the wall thickness of the 
extrudate varies. While streak (A) is located in the general area above screw port A, it 
was found to have a varying width. In the profiles extruded at 7mm/s and 14mm/s, 
streak A encompasses a region from the edge of the profile to the inner edge of the 
screw port. However, in the 21mm/s and 28mm/s extrusions, it was only visible 
directly above screw port A. This phenomena is commonly observed on streaked 
profiles with several prior studies that have identified thermomechanical streaks (using 
metallographic analysis) from the industry have noted that the position of the streak, 
while always in close proximity to a geometric feature, does not necessarily sit directly 
above or encompass it [90, 107].  
In addition to their location, streaks (A), (C) and (D) also fulfil several other indications 
that are utilised to identify thermomechanical streaks without metallographic 
examination in the extrusion industry [86, 117]:  
• They have a consistent thickness and shade 
• Extend along the entire length of the profile  
• Present over multiple extrusion cycles  
 
While it is not possible to definitively confirm whether thermomechanical variations 
have occurred in the profile during extrusion resulting in the formation of these streak, 
from the available evidence it is highly likely that streaks (A), (C) and (D) would be 
considered thermomechanical if they occurred in the extrusion industry. However, in 
order to affirm this hypothesis, some alternate possible causes of streak formation will 
be discussed. 
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4.4.3.2 Billet Streak 
In the current batch of extrusions, streaking due to poor billet control is highly 
unlikely. These streaks generally arise when the billet is insufficiently scalped and poor 
quality material containing a comparatively larger proportion of intermetallic particles 
and contaminants from the inverse segregation zone is drawn into the extrudate during 
deformation. This results in a region of the extrudate that contains a localised 
enrichment of contaminants that then dissolve or detach during etching, producing a 
high concentration of etching pits and a visible streak defect [86, 118].   
Due to the billet preparation methods utilised and the appearance of the continued 
streaks over multiple extrusion cycles the potential of streaks (A), (C) and (D) being 
caused by issues originating from the billet is highly unlikely. The billets utilised in this 
study were sectioned from the central region of a scalped industrial billet and 
homogenized and solutionised prior to extrusion. As billet streaks are a direct product 
of the initial billet quality, the presence and location of a billet streak is highly 
dependent on where contaminated material is located in the billet, how that billet is 
oriented and loaded into the press with reference to the die shape and subsequently, 
where this material is dawn to the surface during extrusion [32, 40]. As a result, they 
are often isolated to a single extrudate produced by a single poor quality billet and do 
not occur over multiple extrusion cycles of the same product. In the event of several 
contaminated billets, the position of the streak changes throughout multiple extrusion 
cycles due to a batch of poor billets. This was observed by Vander Voort and colleagues 
[108] where streaking stemming from segregations of intermetallics and precipitates 
was only observed in a single extrudate in a batch of multiple extrusions, although the 
die and extrusion process conditions were unchanged.  
Unlike standard industrial billets the billets utilised in this project do not have a typical 
inverse segregation zone at the peripheral surface, in which contaminated material is 
generally drawn into the extrudate. While some contaminants may have survived the 
preparation process and still be present in the billet, the likelihood that they aligned in 
analogous positions throughout multiple extrusion cycles is extremely implausible.  
4.4.3.3 Streaking due to weld zones and clad formation 
As this study utilised a die with a weld region and the extrusion process was conducted 
semi continuously the possibility of the streaks arising from clad layer deposition will 
be discussed. In the semi-continuous extrusion process, streaks can form along the 
extended length of the profile during welding between successive extrusions [4, 40, 
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118]. Depending on the die design and more specifically the design of the feeder/weld 
region, material from previously extruded billet will accumulate in dead zones and 
gradually distribute along the length of succeeding extrudates surface [4, 118]. This 
clad layer has differing thermomechanical history and possibly chemical composition 
to the surrounding material, potentially resulting in streak formation.  
Although it is impossible to completely eliminate, the risk of clad layer streaking was 
minimised using best available practices in this study [118]. For profiles that require a 
weld zone, shaped feeders without additional die pockets (such as the one utilised in 
this study) have shown to minimise the effected length of the clad layer as they 
minimise the volume of material accumulated in the dead zone [118]. This results in a 
dead zone that is replaced with new material quickly in the initial stages of extrusion 
and a short clad layer.   
While it is extremely difficult to precisely determine the precise origin of the extruded 
material on the profile surface, work by Jowlet and colleagues [32] as well as accounts 
from the extrusion industry [45, 117] have highlighted significant indications that 
distinguish streaks formed due to transverse weld clad layers from other streak types. 
Streaks caused by clad layer accumulation characteristically reduce in both thickness 
and severity along the extruded profile length [4, 118]. As the formation of these 
streaks is a dependent on material accumulated in the dies dead zones, this material 
from successive billets is simultaneously accumulated and released on a continuous 
basis over a multi billet run. This results in a clad layer over each extrudate that thins 
in both thickness and depth as material from prior billets is replaced by that of the 
currently extruding one. This continues to occur until the material in the dead zone is 
replaced by fresh metal from the current billet, concluding the formation of the clad 
layer [118]. As a result streaks formed by the clad layer generally have an affected 
length, initiating at their maximum thickness and depth, progressively reducing as 
material from the dead zone is replaced by new material, and finally terminating when 
this material is entirely replaced.  If the present streaks were caused by accumulation of 
material from the weld zone it is highly probable that significant variations in the width 
of the streaks would be observed along the length of the extrudate. As this was not 
observed in streaks (A), (C) and (D) which remained consistent in width and severity 
throughout the length of each respective profile, it is extremely unlikely these streaks 
formed due to clad layer deposition. 
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As all of the extrudates were conducted using identically prepared AA6060 billets on a 
solid profile, the possibility of streaking due to alloy mixing or along longitudinal welds 
can be discarded.   
4.4.3.4 Streaking due to surface waviness 
To the authors knowledge there have not been any prior studies that have assessed 
whether profile deflection or waviness variations are associated with the presence of 
steak defects. However, as damage to the surface profile that occurs during the 
extrusion process (both during deformation or post extrusion as the puller draws the 
profile along the runout table) has been identified as possible cause of the streak 
defects, and poor extrusion and handling issues can arise in the form of profile 
deviations and waviness, the possibility will be discussed below [86]. 
Figure 4-18 below shows a comparison between the observable streaks, the alongside a 
proportional cross section of the profile for the samples extruded at (a) 7mm/s and (b) 
28mm/s. While the waviness profiles show a general trend that streaked regions show 
some overlap with the recesses, the observed recesses are more likely associated with 
the position of the screw ports, as such features that integrate changes in profile wall 
thickness are a known cause of die deflections and hence slight variations in the final 
extruded profile shape [4, 49]. This is especially apparent in the 7mm/s extrusion 
where region where streak (A) and recessed region only align directly above the screw 
port A even though the width of the streak extends to the edge of the profile. This factor 
coupled with the presence of a similar waviness profile in the mill finish condition 
where no streaks are observed make it unlikely that deviation in the profile surface are 
the direct origin of the observed streaks.  
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(a) – 7mm/s 
 
(b) – 28mm/s 
 
Figure 4-18 – Comparison between the extrudate surface waviness profile and the 
location of the streak defects in the (a) 7mm/s and (b) 28mm/s extrusions.  
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4.4.4 Colourimetry and visual perception 
4.4.4.1 Colour analysis 
From the results of the colour analysis of the etched samples (Figure 4-16), it is 
apparent that there is a quantifiable difference in the lightness values between the 
streaked and surrounding regions of the etched extrudate, while the values for the a* 
and b* colour components remain relatively unchanged and close to zero. This signifies 
that the colour of the extrudate between the three regions does not change, with all 
samples remaining a variant of grey with differing perceived lightness. As no 
differences in L* were observed in the mill finish condition, it is clear that this change 
occurred during etching. It is important to note that significant differences in L* for 
samples etched extruded at different ram speeds occurred in the α region, with the 
measured L* value increasing from 87.6 in the 7mm/s and 14mm/s extrusion to over 
9o in the 21mm/s and 28mm/s extrusions. Conversely, the L* value for the β and γ 
regions did not change with ram speed. 
The common explanation for thermomechanical streaking list regions of 
inhomogeneous surface microstructure (stemming from uneven thermomechanical 
deformation conditions during extrusion) experiencing a differential etching response 
compared to the surrounding profile and causing a visible streak [10, 31, 40, 44, 85, 88, 
89, 107-109, 117]. While variations in the quantity or size of topographical features 
such as grain boundary grooves, etching pits and grain etching steps have been 
identified on streaked samples between streaked and bulk regions, they have yet to be 
compared directly to any measures of topography (such as roughness) or visibility 
(such as colour or gloss). However this hypothesis is not without cause, as the link 
between deformation, topography and visibility has been previously identified. Studies 
by Aggerbeck et al [97] and Tabrizian et al [96] on etched aluminium have shown 
changes in lightness depending on how the material is mechanically worked and heat 
treated, and work by Yonehara et al [91, 92] has shown that lightness is dependent on 
sample topography and proportional to the mean surface roughness for a achromatic 
metal.  
It is likely that variation in lightness observed between the streaked and bulk regions 
can be attributed to a difference in etched topography as caused by inhomogeneous 
etching of the surface microstructure. Furthermore, these results suggest that there has 
been a quantifiable change in the topography in the α region as the ram speed was 
increased from 14mm/s to 21mm/s and above while β and γ regions were unaffected. It 
is apparent that more work identifying the specific variations in microstructure and 
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relating them to the sample topography and visibility in each region is required to 
elucidate this phenomenon. This is addressed in the following chapter. 
4.4.4.2 Visual perception of the streaks 
 The nonlinear structure of the CIELab colour space is intend to mimic the human eye, 
and uniform changes in L*, a* and b* values aim to correspond to changes in perceived 
colour. Perceptual differences between colours can also be approximated by taking 
each colour as a point in the 3D colour space. From this, the three components L*, a* 
and b* can be attained and the colour difference can be quantified by taking the 
Euclidian distance (ΔE) between the two points (Equation 4-1 below). From the 
colourimetry results in Figure 4-15 & Figure 4-16, the respective ΔE values between the 
α-β region and β-γ region of the extrudates were determined (in both the mill finish 
and etched condition) and utilised as a measure as a measure of streak visibility and 
severity.  While there is no objective ΔE value that signifies an observable colour 
difference due to the nonlinear structure of the colour space and the differences in 
sensitivity of the human eye to certain colours, values of above 1 – 2 are generally cited 
as clinically observable [135].  
𝛥𝛥𝐸𝐸 = (𝛥𝛥𝐿𝐿∗2 +  𝛥𝛥𝑚𝑚∗2  +  𝛥𝛥𝑏𝑏∗2)             Equation 4-1 
 
The ΔE values comparing the CIELab colour values of the etched extrudates between 
the α-β region and β-γ region of the extrudate are shown below in Figure 4-19 (b). For 
the basis of comparison, the mill finish ΔE values are also provided in Figure 4-19 (a).  
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(a) Mill Finished 
 
(b) Etched 
Figure 4-19 - Mean ΔE values assessing the optical colour change between the α - β 
and β – γ regions of the extrudates in the (a) mill finish and (b) etched condition. ΔE 
values above 1 (dotted line) are considered optically observable. Error bars show a 
single standard deviation from the mean.  
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The difference in ΔE values for the mill finish samples were found to be all below the 
minimum observable threshold of 1. This signifies that no significant differences 
between measured regions can be observed in the mill finish samples at all ram speeds, 
and that streak (A) only appears visible after etching.  
In the etched samples, variations ΔE between regions correlate well with the optical 
observations of the streaks. In the 7mm/s and 14mm/s extrusion where streak (A) 
appeared to extended from the screw port to the edge of the profile, the ΔE value 
between α - β was found to be below 1 and considered indistinguishable. Whereas in 
the at 21mm/s and 28mm/s extrusions, where streak (A) was only observed in the 
region directly above the screw port, the ΔE value between α – β was considered clearly 
visible at ΔE > 2. Further aligning with the optical observations, the measured visibility 
between the β – γ region remained fairly consistent with ΔE ranging between 1 and 1.5. 
As the colour components of the etched samples were all close to zero, while significant 
changes were observed in the perceived lightness (Figure 4-16), it can be deduced that 
changes in perceived lightness are the predominant source of the visibility of the 
streak.  
These results confirm that a difference in perceived lightness in the streaked and 
surrounding region are the primary contributor to the streak visibility. These results 
also advocate the use of colourimetry as an effective method of quantifying the visibility 
or severity of a streak on an etched aluminium extrudate. 
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4.5 Conclusions 
The work in this chapter focused on the production of a number of thermomechanically 
streaked profiles, the confirmation that the produced streaks would be considered 
thermomechanical in the extrusion industry and the visual analysis of these streaks. 
The main remarks from this work are:  
 A specialized “streak prone” profile was designed and extrudates were produced at 
four set ram speeds. Four streaks were observed on all of the extruded profiles: 
• A thick dull streak (A) that covers the region above screw port A. This 
width of this streak varied with ram speed.  
• A thin dull streak (B) in an independent zone, slightly offset from the 
centre of the profile.  
• Two thin dull streaks (C) & (D) located above each side of the screw port 
B.  
 Streak (B) located in the independent zone towards the centre of the profile was 
associated with four significant die lines that were not removed during the etching 
stage of the anodisation pre-treatment process.  
 Streaks (A), (C), (D) were compared to the known possible known causes of 
streaking defects. These streaks all exhibit several identifying characteristics that 
are utilised to identify thermomechanical streaks in the extrusion industry. 
Streaking arising from poor quality billet material, surface damage, surface 
waviness and surface clad deposition were disregarded as possible causes. 
 Analysis in CIELAB established the visibility of the streak (A) in the etched samples 
was associated with differences in the perceived lightness - L* between streaked 
and surrounding regions. No differences in the colour components a* and b* were 
observed.  
From this work the primary contributions to original knowledge are: 
 Lightness and ΔE values from the colour analysis correlated well with the optical 
observations of the streaked samples, hence colourimetry can be utilised as an 
effective measure of quantifying streak visibility and severity.  
 Achromatic differences in perceived lightness (and hence diffuse reflectance) where 
determine to be the primary source of visual disparity between streaked and 
surrounding regions 
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5.1 Introduction 
In the previous chapter, a range of streaked AA6060 extrusion were produced and the  
properties of three visible streaks, termed (A), (B) and (D), were confirmed to be 
consistent with known indicators of thermomechanical streaks. Furthermore, the 
optical properties of the streak were analysed and quantified using colourimetry, where 
a difference in the perceived lightness between streaked and surrounding regions was 
identified as the primary source of visual disparity. The relationship between 
topography and visual appearance is well recognized, hence analysis of the surface 
topography is imperative when determining the origin of optical defects such as 
streaking.  
In the first part of this chapter, topography of the extrudate surface in the region 
encompassing screw port A, where streak (A) is observed, is presented in both the mill 
finish and etched condition. The various surface features and imperfections such as die 
lines, etching pits, grain boundary grooves and grain etching steps are then identified. 
Additionally, values for the roughness (Ra in both the transverse and longitudinal 
direction and Sa) are determined.  
Secondly, analysis of the extrudate surface microstructure is presented. As one of the 
principal properties of a thermomechanical streak is a difference is microstructure 
between the streaked and surrounding regions, the surface microstructures in the 
region surrounding streak (A) are examined and the observed differences between 
streaked and surrounding regions are identified.  
Finally, this chapter discusses the association between the profiles microstructure and 
the topography after etching, and the effect of topography on the visual perception of 
the samples surface.  
5.2 Experimental Method 
The streaked AA6060 extrusions employed in the previous chapter were further 
analysed in this chapter. 
 
 
107 
 
Optical profilometry was utilised to attain topographical maps of the profiles in both 
the etched and mill finish condition. Three maps (sized ~2.05mm by 5.5mm) were 
attained for each extrudate. These maps were utilised in the identification and analysis 
of key surface features that have shown to influence the appearance of aluminium 
products. The mean arithmetic roughness (Ra) in both the transverse and longitudinal 
direction as well as arithmetical mean height (Sa) was calculated for each map. The size 
of the features present in the topographical maps was determined using a line intercept 
method. A detailed explanation of the topographical analysis is described in 
Chapter3.4.2 - Profilometry). 
In order to examine the surface microstructures of the extrudates, EBSD 
measurements were attained from the streaked samples in the etched condition 
following the anodisation pre-treatment process. Three EBSD maps (sized 2mm by 
2mm) were obtained for each tested ram speed. The EBSD maps were utilised in the 
analysis of the extrudate grain structure and texture. A minimum of 500 grains were 
utilised for texture evaluation. Further details of this analysis are described in Chapter 
3.4.3 - Scanning electron microscopy (SEM) and Electron backscatter diffraction 
(EBSD)).  
The position of both the topographical maps and EBSD maps were selected due to their 
association with the location of streak (A) and equate to a point along the width of the 
extrudate where colourimetry measurements were attained. Like the previous chapter, 
the regions are termed (α), (β), and (γ). The position of the each region for each 
measurement method is provided in Chapter 3.4 - Characterisation. Although the 
longitudinal positions where the EBSD and topographical maps were attained are 
different, some of the results from these maps, as well as the colourimetry values are 
directly compared in this chapter. As the streaks are visible along the entirety of the 
extrudate length, and the attained perceived lightness values were found to be 
consistent along the extrudate length, any hypothesised origin of the defect must also 
be consistent along the entire length of the profile. Therefore, provided the 
measurements are taken at the same point on the transverse width of the extrudate is it 
reasonable to compare results when discussing the relationship between topography, 
microstructure and visual appearance. 
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5.3 Results 
5.3.1 Topography 
Surface images and corresponding topographical maps of the extrudate surface in the 
mill finish condition and etched condition are shown in Figure 5-1 and Figure 5-2 
respectively. The size of key topographical features was determined using the SPIP 
software. Additionally, the mean size of stepped features found on the etched profile 
surface is shown in Table 5-1. Through analysis of the topographical maps the following 
observations can be made: 
1. In the mill finish condition, the sample surface is covered almost exclusively by 
die lines. Die lines are longitudinal depressions and protrusions that extend the 
length of the extrudate. The observed die lines are generally between 1 to 3 µm 
in depth and between 20 to 50µm in width, though some more severe die lines 
(ranging from 5 - 7µm deep and above 50 µm wide) can also be observed 
thought the various regions.  
2. In the etched condition the topographical surface in significantly more complex. 
Through examination of the maps the following observations can be made: 
• The die lines that comprised a majority of the mill finish surface 
have almost entirely been replaced by equiaxed granular stepped 
features. The steps are generally bordered by sharp ridges that lead 
to a reasonably uniform base that runs parallel to the extrusion 
direction. Moreover, neighbouring features that lie at a similar 
elevation can be separated by a sharp ridgelike depression (sized 
approximately 1 -2µm deep and <5µm wide) that outlines a clear 
boundary.  
The measured depth of these features varies from one another, but 
all sit within a maximum of ±7µm from the neutral axis for all 
samples.  
• The presence of slight mottling and unevenness inside the interior of 
these features is also observed. The deviations in depth within each 
features is generally lie within ±1 µm.  
• The mean intercept diameter of the stepped features (as is shown in 
Table 5-1) varies depending on the ram speed and measurement 
region.  
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The feature size in the β (~80 ± 5 μm) and γ (~60± 5 μm) regions of 
the extrudate was constant and unaffected by changes in the 
extrusion ram speed. Conversely, substantial changes in feature size 
was observed in the α region of the extrudate. In the 7mm/s and 
14mm/s extrusions the feature size in the α region (~81 ± 7 μm) 
effectively matched that of the β region, while in the 21mm/s and 
28mm/s extrusions features were smaller at ~55 ± 3 μm. 
• As observed in Chapter 4 - Production and visual assessment of a 
streaked , some of the more severe die lines have survived the 
anodisation pre-treatment process and are visible on the etched 
maps. The size of the remaining die lines appears unchanged by 
etching and are sized at ~7µm deep and 30µm wide. Two examples 
can be observed in the α region of the extrudates extruded at 
21mm/s (Figure 5-2c) and 28mm/s (Figure 5-2d). 
 
3. Some signs of light surface damage in the form of scratches, marks and stains 
can also be observed throughout the maps in both conditions. This damage was 
likely caused during extrusion, handling of the extrudates, and during sample 
preparation.  
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(a) – 7mm/s 
  Figure 5-1 – Surface images and corresponding topographical maps of the extrudate 
surface in the mill finish condition. 
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(b) – 14mm/s 
  
Figure 5-1 continued – Surface images and corresponding topographical maps of the 
extrudate surface in the mill finish condition. 
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(c) – 21mm/s 
  
Figure 5-1 continued – Surface images and corresponding topographical maps of the 
extrudate surface in the mill finish condition. 
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(d) – 28mm/s 
Figure 5-1 continued – Surface images and corresponding topographical maps of the 
extrudate surface in the mill finish condition.    
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(a) – 7mm/s 
  
Figure 5-2– Surface images and corresponding topographical maps of the extrudate 
surface in the etched condition. 
 
 
115 
 
 α β γ 
Image 
 
   
Topographical 
Contour Map 
 
    
(b) – 14mm/s 
  
Figure 5-2 Continued – Surface images and corresponding topographical maps of the 
extrudate surface in the etched condition. 
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(c) – 21mm/s 
 Figure 5 -2 Continued – Surface images and corresponding topographical maps of the 
extrudate surface in the etched condition. 
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(d) – 28mm/s 
Figure 5-2 Continued – Surface images and corresponding topographical maps of the 
extrudate surface in the etched condition.    
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Mean intercept surface step size (µm) 
α σ β σ γ σ 
7mm/s 84.9  
±3.2 
 
82.2 
 
±4.8 
 
60.1 
 
±1.7 
 
14mm/s 78.8  
±5.2 
 
79.6 
 
±5.3 
 
60.3 
 
±2.7 
 
21mm/s 54.1  
±3.71 
 
83.2 
 
±4.0 
 
64.5 
 
±3.4 
 
28mm/s 55.1  ±2.9 
82.3 
 
±5.3 
 
65.3 
 
±3.5 
 
 
Table 5-1 – Mean size and standard deviation (σ) of the surface steps observed in the 
topographical maps on the etched extrudate surface, as determined by the linear 
intercept method.  
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5.3.2 Roughness  
Ra line profiles of the topographical maps of the extrudate surface were utilised to 
assess the sample texture and roughness. Mean Ra values were attained both 
longitudinally (Figure 5-3) and transverse (Figure 5-4) to the extrusion direction in the 
α, β, and γ region of the extrudates in both the mill finish and etched condition. 
Furthermore, in order to assess the directionality of the roughness, a comparison 
between the Ra measurements in the transverse and longitudinal direction is provided 
for each region in both the mill finish (Figure 5-5) and etched condition (Figure 5-6). 
When assessing the surface roughness the following observations can be made: 
1. The etched samples show a greatly increased Ra values compared to the mill 
finish condition. The increases in Ra are not consistent throughout the samples 
and depend on both the ram speed and position of the measure region.  
2. The roughness of the samples in the mill finish condition was found to be 
extremely directional, with Ra values (All measurements for Ra Transverse > 
350nm) from line profiles taken in the transverse direction significantly 
exceeding those taken longitudinally (All measurements for Ra longitudinal < 
350nm).  
This was not observed in the etched condition where the sample Ra was 
functionally identical in both measurement directions. All observed trends in 
Ra were valid for both measurement directions for the etched samples.  
3. In the mill finish condition the transverse Ra values were found to be 
consistently higher in the β region (approximately 33% rougher), which directly 
encompasses the region above screw port A, when compared to the other two 
regions which surrounded it.  Furthermore, ram speed was found to have a 
negligible effect on the mill finish Ra values and no inherent trends between the 
two parameters was observed.  
4. In the etched condition distinct, differences in Ra values are attained depending 
on the ram speed and the measurement region of the extrudate. In the 7 and 
14mm/s extrusions, the α and β regions of the extrudate had similar values for 
mean Ra = 1050± 50 nm. A significant increase in the Ra in the α region was 
observed in the samples extruded at 21mm/s and 28mm/s. Ra values in these 
extrusions were found to be approximately 30% higher than the two slower 
extrusions.  
The Ra value of the γ region was found to be consistently larger (the range of 
increase varied between 8% - 18%) than that of the β regions of the extrudate. 
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The Ra values in the β regions of the exudates remained relatively unchanged 
across all samples. 
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(a) - Mill Finish 
 
(b) – Etched 
Figure 5-3 – Average Ra of the extrudates surface in the (a) mill finish and (b) etched 
condition as related to the regions above and surrounding screw port A. Profile 
measurements were taken longitudinally along the extrusion direction. Error bars 
show a single standard deviation.  
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(a) - Mill Finish 
 
(b) - Etched 
Figure 5-4 – Average Ra of the extrudates surface in the (a) mill finish and (b) etched 
condition as related to the regions above and surrounding screw port A. Profile 
measurements were taken transverse to the extrusion direction. Error bars show a 
single standard deviation.  
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                                              (α)                                                                      (β)      
                
                                                       (γ) 
Figure 5-5 – Comparison between the average Ra for line profiles taken transverse 
and longitudinally to the extrusion direction in the mill finish condition. Error bars 
show a single standard deviation. 
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                                           (α)                                                                        (β)      
                
                                                       (γ) 
Figure 5-6 - Comparison between the average Ra for line profiles taken transverse 
and longitudinally to the extrusion direction in the etched condition. Error bars show 
a single standard deviation. 
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5.3.3 Microstructures 
5.3.3.1 EBSD Maps 
EBSD maps of the etched sample surface can be seen in Figure 5-7 to Figure 5-10 
below. The average linear intercept lengths were obtained for each region, a table 
listing the mean intercept grain size and the standard deviation is provided in Table 
5-2. From the microstructural data, the following observations can be made: 
1. Across all the samples and regions the grains are equiaxed and surrounded by 
high angle grain boundaries (boundaries with misorientation > 15o). 
Furthermore, the grains show no signs of elongation along the extrusion 
direction regardless of ram speed and position on the extrudate.  
2. In the etched condition, there are distinct differences in the grain size 
depending on the applied ram speed and position on the extrudate with 
reference to the geometry of screw port A.  
• The grain size in the β and γ regions of the extrudate was unaffected by 
and changes in the extrusion ram speed and remained consistent at ~78 
±2 μm and ~60 ± μm respectively for all tested samples.  
• Significant changes in grain size was observed in the α region depending 
on the extrusion ram speed. In the 7mm/s and 14mm/s extrusions the 
grain size in the α region was functionally identical to that of the β 
region at ~76 ± 2 μm. However, In the 21mm/s and 28mm/s extrusions a 
significant reduction in the surface grain size in the was observed with 
grains in this region decreasing in size to ~50 ± 2 μm. 
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(a) – α region 
Figure 5-7 – EBSD maps of the profile extruded at 7mm/s. 
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(b) – β region 
Figure 5-7 Continued – EBSD maps of the profile extruded at 7mm/s. 
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(c) - γ region  
Figure 5-7 Continued – EBSD maps of the profile extruded at 7mm/s. 
 
 
 
129 
 
 
(a) - α region 
Figure 5-8 – EBSD maps of the profile extruded at 14mm/s. 
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(b) - β region 
Figure 5-8 Continued – EBSD maps of the profile extruded at 14mm/s. 
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(c) - γ region  
 
Figure 5-8 Continued – EBSD maps of the profile extruded at 14mm/s. 
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 (a) - α region 
Figure 5-9 – EBSD maps of the profile extruded at 21mm/s.  
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(b) - β region 
 
Figure 5-9 Continued – EBSD maps of the profile extruded at 21mm/s. 
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(c) - γ region 
Figure 5-9 Continued – EBSD maps of the profile extruded at 21mm/s.   
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(a) - α region 
 
Figure 5-10 – EBSD maps of the profile extruded at 28mm/s. 
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(b) - β region 
 
Figure 5-10 Continued – EBSD maps of the profile extruded at 28mm/s. 
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(c) - γ region 
Figure 5-10 Continued – EBSD maps of the profile extruded at 28mm/s 
 
 
Mean intercept grain size (µm) 
α σ β σ γ σ 
7mm/s 77.4 ±6.9 78.6 ±9.3 57.0 ±4.7 
14mm/s 74.9 ±5.6 76.6 ±9.1 57.1 ±4.0 
21mm/s 51.2 ±3.2 79.4 ±4.3 61.3 ±4.4 
28mm/s 48.6 ±3.2 79.9 ±6.6 63.0 ±3.7 
 
Table 5-2 –Mean grain size and standard deviation (σ) as determined by the line 
intercept method. 
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5.3.3.2 Texture 
The crystallographic texture of the extrudate surfaces were determined from the EBSD 
maps and are shown by means of inverse pole figures of the sample normal direction 
and extrusion direction. The inverse pole figures for each of the extrudates in the three 
measured regions are provided below in Figure 5-11 below.   
The observed textures are quite weak, with most samples showing only a slight 
preferred orientation. However, the inverse pole figures for each sample can be 
summarised as follows: 
• 7mm/s – Grains are textured parallel to the normal direction (ND) 
between the <111> and <101> and between <101> and <001> // extrusion 
direction (ED). This is evident in all three analysed regions. 
• 14mm/s - Grains are textured parallel to the normal direction between the 
<001> and <111> and between <101> and <001> // ED. Though the 
intensities are low, there is also some grains oriented between the <001> 
and <111>// ED in the α and β regions of the extrudate.  
• 21mm/s – In the β and γ regions of the sample, preferred orientations can 
be observed between <001> and <111>//ND and at <111>//ND. 
Additionally, some grains are oriented between <001> and <101> // ED.    
Intensities in the α region are somewhat weaker than the rest of the sample 
(max maximum multiple of the uniform density of ~3 compared to 5+ in the 
β and γ regions), no significant fibre textures can be observed.  
• 28mm/s - Intensities in the α region are very weak, though some preferred 
orientations can be observed at <111>//ND.  In the β region of the sample 
some grains are oriented between <001> and <111> // ND.  In the γ region 
of the sample, some grains are oriented parallel to the normal direction 
between the <111> and <101> and between <101> and <001>//ND. 
Due to the largely weak textures and the constantly shifting preferred orientation of the 
grains, no inherent trends can be observed concerning the sample texture in relation to 
both the extrudate ram speed and the position of the measurements with reference to 
screw port A.  
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7mm/s 
α β γ 
 
 
 
 
 
  
 
(a) – 7mm/s 
  
Figure 5-11 – Inverse pole figures. The maximum multiple of the uniform 
density (mud) is included for each pole figure. 
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14mm/s 
α β γ 
 
 
 
 
 
 
 
 
 
 
 
 
(b) – 14mm/s 
  
Figure 5-11 continued – Inverse pole figures. The maximum multiple of the 
uniform density (mud) is included for each pole figure. 
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21mm/s 
α β γ 
 
 
 
 
 
 
 
 
 
 
 
(c) – 21mm/s 
  
Figure 5-11 continued – Inverse pole figures. The maximum multiple of the 
uniform density (mud) is included for each pole figure. 
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28mm/s 
α β γ 
 
 
 
 
 
 
 
 
 
(d) – 28mm/s 
Figure 5-11 continued – Inverse pole figures. The maximum multiple of the uniform 
density (mud) is included for each pole figure. 
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5.4 Discussion 
The following discussion is separated into three key sections. In the first two sections, 
the surface topographies and microstructures of the extrudates are examined and the 
key aspects of each are identified. Finally these results are compared to the differences 
extrudate lightness, described in the previous chapter, that form the optical origin of 
the streaks  
5.4.1 The mill finish and etched topography 
From the topographical maps in Figure 5-1 and Figure 5-2, several surface known 
features that are characteristic of mill finish and etched extrusion surfaces can be 
identified. Reference images of the topography where these surface features can be 
observed more clearly is provided in Figure 5-12. 
 
Figure 5-12 – Sample topographical maps for thee (a) mill finish and (b) etched 
surface, Key topographical features are labelled and highlighted with arrows.  
Die Lines 
In mill finish condition, it is apparent that die lines are the primary surface feature on 
the extrudate surface, and hence wholly responsible for any differences in Ra. Details of 
the development of surface die lines were discussed in section 2.5.2 - Formation of 
(a) (b) 
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streaking defects. It is interesting to note that while no major differences in Ra were 
observed alongside changes in ram speed, the Ra in the region above the screw port β 
was found to be consistently elevated compared to the surrounding regions. Prior work 
by  Sheppard [101] has shown that variations in the mill finish surface of an extrudate 
can occur with variations in extrusion conditions and bearing length: The adherence of 
material to the die line has shown to change depending on the extrusion process 
conditions and subsequently affect the frictional boundary layer between the die and 
workpiece that determine in the final surface.  However, as this Ra increase is isolated 
to the β region, and only marginally effected by ram speed, it is unlikely this is the 
direct cause.   Concerning the bearing length, modifications to bearing lengths have 
shown to effect the severity of surface die lines through controlling the size of the 
contact region and hence frictional boundary layer between the workpiece and die. As 
the bearing length does not change throughout this region on the present die, this can 
be eliminated as an origin of the increase Ra. However, while to the authors’ knowledge 
it has not been directly studied, the increase in complexity, contact surfaces and 
consequently frictional forces in the nearby region due to the presence of the screw port 
may have a similar effect that has resulted in this occurrence. 
Another possible reason for this increase in Ra may be a result of manufacturing error 
and tolerances. As addressed in the previous chapter, variations in the mill finish 
surface can also arise due to errors in manufacturing as any variations or 
inconsistencies in the surface of the die bearing will inversely transfer to the surface of 
all subsequent extrudates [49]. If an error in construction of the bearing occurred 
during die manufacturing occurred that resulted the observed rougher surface in the 
region above the screw port, this can explain the consistently increased Ra in this 
region.  
The significant difference in Ra values from profiles taken in the longitudinal and 
transverse direction of the mill finish extrudates (as shown in Figure 5-5) is 
unquestionably caused by the presence of die lines and micro die lines on the sample 
surface, which run longitudinally along the length of the extrudate [4]. As a result the 
variations in topography from the die lines are unidirectional, and are only measured 
in the line profiles that run transverse to the extrusion direction.  
In the etched samples, the values for Ra in both the longitudinal and transverse 
direction are of similar magnitude (Figure 5-6b). Some grain interiors also appear to 
exhibit signs of faint directionality within the mottling in the form of subtle bands that 
run along the extrusion direction. An example of this from the β region 7mm/s 
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extrudate surface is shown in Figure 5-13. These are possibly remnants from mostly 
removed die lines. In addition to the faint die lines, some larger die lines have survived 
the etching process and can be still be clearly observed on the topographical maps in 
the etched condition, the measured lack of directionality in the etched surface 
topography suggests they do not have a significant impact on the etched surface 
roughness. As explained above, die lines only impact the sample Ra for the line profiles 
that run transverse to the extrusion direction. As a result, any significant variations in 
surface texture from the die lines that survived the etching process would arise as 
differences in the measured Ra in the transverse and longitudinal direction.  As this 
was not observed and the etched sample and the Ra was determined to be uniform, the 
impact of die lines on the surface texture of the etched sample is minimal. 
 
Figure 5-13 – Signs of subtle directional surface topography within etched grains of 
the 7mm/s extrudate.  
Grain etching steps 
In the etched condition, the granular stepped features that cover most of the sample 
surface are most likely grain etching steps (Figure 5-12b). Grain etching steps are 
stepped ridges in the sample topography caused by the inhomogeneous dissolution of 
neighbouring grains. To support this hypothesis, the sample grain size as determined 
by EBSD (Table 5-2) is compared to the mean diameter of the stepped features in each 
measurement regions in Figure 5-14 below. From Figure 5-14 it is apparent that the 
sample grain size and feature size are similar and follow identical trends when 
compared to the specific measurement region and sample ram speed, asserting that the 
observed steps are indeed differentially etched individual grains. 
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Figure 5-14 – Comparison between the extrudate surface grain size and the size of the 
granular stepped features that encompassed the extrudates etched topography. Error 
bars show a single standard deviation from the mean.  
While the feature size was found to be consistently slightly larger than the 
corresponding grain size, this difference can be most likely attributed to experimental 
error. As the surface was heavily etched, some boundaries between steps with small 
differences in etched depth on the topographical maps were occluded by other etching 
features or surface damage and difficult to determine from their surroundings. As a 
result, it is likely that some smaller steps were overlooked during the analysis, 
increasing the average feature size of the steps and accounting for this discrepancy.  
Grain etching steps are formed due to a preferential etching of grains of particular 
crystallographic orientation in relation neighbouring grains [85, 112, 113]. Prior work 
conducted by Koroleva et al [114], Holme and colleges [115] and Chandia and Furu 
[116] has shown that preferential etching occurs in grains with surface normals 
oriented towards the <111> direction and decreases as the grains rotate towards the 
<100> where the least etching is observed. As significant differences in the etched step 
height are observed in the grain etching steps (ranging between ±7µm of the neutral 
axis), it is apparent that some preferential etching of favoured grains has occurred. This 
is further discussed below in 5.4.3.1 - The relationship between texture and etched 
surface topography.  
The grain etching steps observed on the etched samples are the most prominent and 
defining feature of the etched sample topography, providing the largest variation in 
depth and size and hence, the largest contribution to the resulting roughness of the 
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regions. This is further discussed below in section 5.4.3 - The relationship between 
microstructure and perceived lightness on the surface of etched AA6060 extrusions 
Grain Boundary Grooves 
It is also evident that small ridges between neighbouring etched grains are present in 
the samples in the form of grain boundary grooves.  Grain boundary grooves are thin 
valleys between grains that form due to preferential etching of the high angle grain 
boundary compared to the aluminium matrix of the grain interior [11, 43, 90, 111]. 
Furthermore, some authors have predicted that a difference in grain boundary groove 
severity between regions of an extrudate is the underlying reason for the visibility of 
thermomechanical streaks [11, 103, 107, 109].  
Prior studies have suggested that the corrosion potential of grain boundaries for low 
alloy 6xxx series alloys in a caustic solution varies depending on the aging state and the 
presence of Fe intermetallics and MgSi precipitates [11, 90, 107, 109]. According to Zhu 
and colleagues, any microstructural feature that homogenizes the difference in 
dissolution rate between the grain boundary and grain interior will reduce the presence 
of grain boundary grooves [11, 90, 103, 107, 109]. Concerning the effect of precipitates, 
Zhu et al previously proposed that the presence of grain boundary grooves is promoted 
in underaged material due to preferential etching at high energy grain boundaries. 
Upon subsequent ageing, MgSi precipitates will distribute throughout both the grain 
interiors and boundaries and form etching pits upon etching, reducing the difference in 
dissolution rate and hence presence of the grain boundary groove [103]. Furthermore, 
Zhu and colleagues have suggested a similar effect stemming from Fe intermetallics, 
where their presence in grain interiors once again results in the formation of etching 
pits that assist in the dissolution of the grain interior and reduce the severity of grain 
boundary grooves [11, 107, 109]. However, these effects were not observed by a similar 
study by Sweet et al which found that determined iron intermetallics had a negligible 
effect on the grain boundary groove severity [93].  
This study further downplays this effect by suggesting that while the distribution of 
intermetallics and precipitates throughout grain interiors may have some effect on the 
resulting dissolution rate and the optical presence of grain boundary grooves, they are 
significantly undermined by the grain etching steps observed in this study. While grain 
boundary grooves may form between neighbouring grains, due to their comparatively 
small volume and depth when compared to the grain etching steps (<5µm  width and 
±1µm depth compared to between 55 – 81 diameter and ±7µm depth), they are only 
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visible between grains of similar elevation. In neighbouring grains with differing 
elevation, it is apparent that any intergranular grain boundary grooves are significantly 
dwarfed and essentially consumed by the etching of the grain interior, and become part 
of the boundary for the resulting grain etching step.  
Etching Pits 
The effect of intermetallics and precipitates cannot be completely ignored, whereby the 
mottling of the grains interiors have likely arisen from etching pits. Etching pits are pit 
shaped features created due to the differing dissolution rates between intermetallic 
particles and the aluminium matrix [104, 105]. It is well established that in low alloy 
6xxx series alloys, Fe intermetallics create large etching pits and MgSi precipitates 
create significantly smaller pits which vary greatly depending on their size and 
composition [90, 105, 107]. In AA6060 extrusions, the size of etching pits stemming 
from intermetallics has been found to vary, with Sweet et al determining that both the 
average Fe intermetallic particle diameter and pit size after etching was around 2µm 
[93], while for Zhu et al it was less than 1µm [90].In peak aged AA6060 condition, 
etching pits caused by β’ and β’’ precipitates are in the realm of nanometres while over-
aged β precipitates are larger in the realm of 2µm [10, 87, 108]. While no individual 
pits were isolated in this study, these numbers align well with the severity of the 
mottling within grains as any variation in the intragranular depth was generally within 
±1 µm.  Once again when compared with the grain etching steps the impact of the 
mottling of the resultant sample Ra is minimal. 
5.4.2 The extrudate surface microstructure 
The EBSD maps of the extrudate surface microstructures revealed a series of well-
developed and equiaxed grains, the average size of which varied in the α region 
depending the ram speed and position on the extrudate. Due to their equiaxed nature, 
the close to random textures and their location on the surface of the extrudate, it is 
likely the all of the observed surface microstructures consist of fully recrystallized 
grains that formed during post extrusion static recrystallisation [35, 36, 55]. 
The evolution in surface microstructure development in low alloy 6xxx series 
aluminium extrusions has been reported by numerous authors, where similar 
microstructures have been observed [4, 11, 36, 62, 63, 89, 136, 137]. As described in 
section 2.4.3.2 - Deformation metal flow during extrusion can be separated into four 
distinct zones that form due to interaction between the billet and tooling during the 
initial stages of extrusion: The dead metal zone, the shear intensive zone, the exiting 
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profile zone and the metal flow zone, each of which experience different strains, strain 
rates and states of strain.  
The surface of the extrudate is termed the exiting profile zone and consists of material 
that has flown exclusively from the shear intensive zone, which experiences severe 
shear deformation by functioning as an intermediate between the fast moving metal 
flow zone and stagnant dead metal zone that surround it [4, 35-38]. The resulting high 
strains, strain rates and temperatures in the shear intensive zone, combined with the 
high stacking fault energy of aluminium promote dynamic recovery and 
recrystallisation through a combination of continuous dynamic recrystallisation 
(CDRX) and geometric dynamic recrystallisation (GDRX) (the details of which is 
described in section 2.4.3.5 - Microstructure evolution) rather than traditional dynamic 
recrystallisation [55, 56, 58, 59]. As a result, as deformed microstructures that have 
been analysed by interrupted extrusion trails have shown the surface regions of the 
extrudate generally exhibit a highly unstable microstructure consisting of a range of 
heavily deformed, serrated and elongated grains with close to random deformation 
textures [38, 66, 137, 138].  
The subsequent microstructural evolution of the material in the exiting profile zone at 
the samples surface differs depending on the alloy composition and post extrusion 
cooling rate [36, 38, 66]. Low alloy series extrusions, such as the AA6060 extrusions 
utilised in this study, post extrusion static recrystallisation occurs readily and rapidly, 
provided the minimum stored energy to drive nucleation and growth of new grains is 
achieved [55, 62]. Vatne et al has previously described that nucleation and growth of 
new grains comes from three distinct mechanisms [52, 55, 65]; Particle stimulated 
nucleation of randomly oriented grains in the deformation zone surrounding non 
deformable particles, nucleation of grains that match the orientation of the deformed 
grain from deformed grain boundaries, and nucleation of textured grains from pinched 
off grains.  
Finite element studies have predicted that equivalent plastic strains in extrusion are 
expected to exceed ε = 5 with the highest strains, strain rates and temperatures all 
occurring at the extrudate surface [35, 37, 38]. These factors, coupled with the slow 
cooling time of the extrudates from the deformation temperate during an air quench 
result in a situation where static recrystallisation stemming from the second and third 
mechanisms is extremely favourable. The resulting microstructures from this process 
are observed to consist of equiaxed grains with close to random textures, similar to 
those observed in this study [4, 11, 36, 62, 63, 89, 136, 137].  
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Determining the precise underlying reason for a difference in surface grain size is 
difficult. Recrystallisation during extrusion is dependent on the specific 
thermomechanical histories (in the form of strain, strain rate, temperature and cooling 
rate) experienced by the material during and post deformation. These 
thermomechanical histories can be highly inconsistent and can differ significantly 
throughout the cross sectional geometry of a profile due to imbalanced friction and 
material flow, and are further affected by factors such as the extrusion die design and 
process parameters [4, 35, 36, 74]. As many of these deformation parameters are 
impossible to measure using experimental methods, finite element modelling of the 
extrusion process has been effectively utilised to simulate the process, where key 
parameters can be extracted and utilised in a model that predicts the resulting 
microstructure [37, 72-75]. This will be addressed in the following chapter. 
5.4.3 The relationship between surface microstructure and 
etched topography  
As discussed above, grain etching steps were found to be the primary determinant of 
the samples etched topography, and hence optical appearance. Therefore an 
understanding of the relationship between the microstructure and the development of 
grain etching steps is of great importance. It is known that the two primary 
microstructural factors that determine the development of a grain etching step are the 
grain size (which determines the diameter of the step) and orientation (which control 
the etched depth). These will be discussed in terms of texture and grain size in the 
following section and linked to the changes in visual perceptibility of the surfaces 
determined in the previous chapter. 
5.4.3.1 The relationship between texture and etched surface topography 
As stated above, grain etching steps are formed due to a preferential etching on grains 
of particular crystallographic orientation in relation neighbouring grains resulting in 
the observed steps between grains [85, 112, 113]. In terms of topography relating to 
streaking, differences in texture between two neighbouring regions would theoretically 
alter the mean etch depth of the region or amplitude of deviations are utilised in the 
calculation of Ra.  
The specific relationship between crystallographic orientation and etch depth was 
shown by Holme and colleagues [115] on as single sample of an AlMgSiZn alloy where 
the orientations of the surface grains were determined and after subsequent etching the 
individual grain height was measured. A linear relationship between the etched grain 
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height and angle of rotation from the <111> direction was determined. In a similar 
manner, to determine if preferential etching in these regions can be quantified, and 
whether the alignment of the grains towards the <111> direction has a significant effect 
on the average etching depth for a bulk sample surface; the percentage of grains with 
surface normals within 15o if the <111> direction (equating to 27% of all possible 
deviation orientations from the <111> direction - the maximum deviation orientation 
angle from the <111> direction is 54o) and percentage of the surface area of the 
topographical map below a relative depth of -3.22µm (equating to the 27% of the total 
relative range the for each topographical map) is plotted below in Figure 5-15.  
 
Figure 5-15 – Comparison between the percentage of sample area below a relative 
depth of -3.22µm and the percentage of grains with surface normals within 15o of the 
<111>. 
As the texture was observed to be quite weak and the grain size was consistent within 
each map, if there was a significant increase in the area with the largest etch depth due 
to preferential etching of grains aligned that align along the <111> direction, the 
gradient in Figure 5-15 would be positive (i.e. the more grains close towards {111} the 
more deeply etched grains). While it is possible that some preferential etching has 
occurred in grains with surface planes aligned closer towards the {111}, due the 
disordered nature of the current data, no direct correlation can be made. 
In addition to this, to determine if the surface texture had any effect on the overall etch 
depth of the samples, the datum point for each sample map was reset to the peak 
height of the entire dataset, and the mean etch depth of each region was attained. This 
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value was also plotted against the percentage of grains with surface normals within 15o 
if the <111> direction and shown in Figure 5-16. It can be seen that the mean etch depth 
does not change significantly between regions and any effects of preferential etching 
are negligible.   
 
Figure 5-16 - Comparison between mean etch depth for each region as measured from 
the maximum peak and the percentage of grains with surface normals within 15o of 
the <111>.  
In terms of streaking, it is important to note that no significant differences in texture 
were observed between streaked and bulk regions, and no correlations can be observed 
between texture and visual perception. While prior studies by Ma and colleagues [89] 
have identified significant differences in texture between streaked and surrounding 
regions, in the current study, this was not observed. As a result, it is apparent that 
differences in sample texture between regions was not the cause of the visible streaks.  
5.4.3.2 The relationship between grain size and etched surface 
topography 
The mean arithmetic roughness (Ra) of a surface characterises a surface based on the 
quantity, width and amplitude of deviations from a mean line of a line profile. Provided 
the profile measurement length is kept constant (where l = 2mm in the current study) 
increasing the quantity of deviations will increase the resulting Ra. This is achieved by 
decreasing the grain size (and hence diameter of the grain etching steps) for the current 
samples. The mean grain size in each region is plotted against the corresponding 
transverse Ra in Figure 5-17 below. It can be seen that two parameters are directly 
proportional where increasing the grain size linearly decreases the Ra. Furthermore, as 
the etch depth of the grains was found to be consistent across samples, it can be 
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determined that mean size of the grain etch steps is the primary contributing factor 
when determining the roughness.  
 
Figure 5-17 – The influence of grain size on the etched surface roughness (as 
quantified by the transverse sample Ra) of extruded AA6060. 
While the increased density of grain boundary grooves between neighbouring grains of 
similar etch depth may also have contributed to the observed trend (the grain boundary 
groove density for a given area will increase when the grain size decreases), their 
impact on sample Ra when compared to the comparatively much larger and deeper 
grain etching steps is likely minimal.  
5.4.3.3 The relationship between microstructure and perceived lightness 
on the surface of etched AA6060 extrusions 
The observed relationship between surface roughness and perceived lightness (as 
determined in chapter 4.3.4 - Colourimetry) is shown in Figure 5-18.  It can be 
observed that the mean surface roughness of the material is directly proportional to the 
surface perceived lightness. This complements a similar result which was previously 
found by Yonehara et al [91, 92] on machined metals.  
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Figure 5-18 - The relationship between Ra and perceived lightness on the surface of 
etched AA6060 extrusions. 
The inverse nature of the observed trend is determined by the relationship between the 
reflectance of light, surface topography and colour.  In optics, the colours components 
of an object (including Lightness) are calculated from incident light that is reflected 
diffusely (at multiple angles) after interacting with the objects surface. Rougher 
surfaces produce more diffuse scattering and as a result increase the perceived 
lightness. It is apparent in the current samples that the rougher regions of the 
extrudate increase the diffuse scattering of incident light, resulting the increase in 
perceived lightness [91, 98]. While it has been observed that this effect is more 
pronounced for Ra values below 200nm, it is still applicable and visible at the Ra range 
(1100 nm to 1500 nm) of the present samples [91, 92].  
It is interesting to note the colour of a surface is determined when light of a certain 
wavelength is absorbed prior to deflection. As a result certain wavelengths are omitted 
from the diffuse reflectance and the reflected rays emerge coloured [98]. As the surface 
was determined via colourimetry in chapter 4.3.4 - Colourimetry to be achromatic, it is 
apparent that no preferential absorption of certain wavelengths occurred.   
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As the sample roughness was found to be directly proportional and dependant 
predominantly on the etched grain size, when these two parameters are compared in 
Figure 5-19 below they are expectedly found to be inversely related, where the 
perceived lightness decreases alongside increase in grain size.  
 
Figure 5-19 – The relationship between Ra and perceived lightness on the surface of 
etched AA6060 extrusions. 
 
From Figure 5-19, it can be concluded that the differences in grain size between 
streaked and surrounding regions results in a difference in etched topography and 
consequently perceived lightness of the bulk surface. Furthermore, it is apparent that 
larger grain size differences between neighbouring regions will increase the visibility of 
a streak by further increasing the disparity of the perceived lightness of the surface.   
As a difference in surface grain size was observed in the region surrounding the screw 
port A, and these changes coincided with the regions where the streaks were 
perceptible. A similar analysis for the region above screw port B (which contained 
streaks C and D) was conducted in Appendix 3 – Origins of streaks C and D, where a 
similar trend was observed. From these results, it can be determined that a difference 
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in grain size between streaked and surrounding regions forms the microstructural 
origin of Streaks A, C and D. 
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5.5 Conclusions 
The work in this chapter focused on the analysis of the surface microstructures and 
topographies produced in a streaked series of streaked AA6060 extrusions. The main 
conclusions from this chapter are: 
1. No signs of streaking were observed in the mill finish surface topography. The 
effects of the mill finish surface were functionally eliminated during the etching 
process to a point where they did not influence the etched Ra.   
2. The etched sample Ra was primarily dependant on the mean size of the grain 
etching steps in each region. The size of the grain etching steps matched that of 
the grain size and identical trends relating to reference position on the 
extrudate and ram speed were observed.   
3. Surface grains were found to be equiaxed with a weak texture. This structure is 
typical of AA6060 extrusion surface microstructures that have undergone static 
recrystallisation during post extrusion air cooling. The resulting grain size 
varied in depending on the ram speed and position with reference to screw port 
A. No such correlation was observed regarding the surface textures.  
4. A difference in grain size in the regions surrounding the screw ports that 
resulted in a difference in surface roughness upon etching was determined to be 
the origin of streaks. This difference in grain size also further confirms that the 
streaks are thermomechanical.  
From this work the primary contributions to original knowledge are: 
1. The perceived lightness L* of an etched extrudate surface directly correlates 
with the roughness (Ra). Where higher roughness is related to an increase in 
the perceived lightness. This is due to the dependence on lightness on the 
diffuse reflectance of light, where rougher surfaces cause more diffuse 
reflectance.  
2. The roughness on the surface of an etched extrudate is primarily dependant on 
the size and distribution of grain etching steps, which in turn are related to the 
size of the etched grains. 
3. An inverse linear relationship between the surface grain size and perceived 
lightness was observed where increasing the grain size resulted in a decrease in 
the perceived lightness. 
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6.1 Introduction 
In the previous chapter it was determined that the origin of streaks (A), (B) and (D) 
was a difference in etched surface grain size between streaked and surrounding 
regions. Microstructural development during extrusion is dependent on the 
thermomechanical history of the extrudate, which in turn is determined by the 
extrusion process conditions (in the form of tooling and billet temperatures, utilised 
ram speeds, and the die design), and the complex interactions between 
thermomechanical parameters (deformation and frictional heating, strain paths, etc.) 
that occur during deformation. These parameters are extremely difficult to measure 
experimentally, and to this end, finite element method (FEM) simulation has become a 
commonly adopted tool in the industry to support die designers and extruders in 
simulating the complex evolutions and interactions that occur during the extrusion 
process.  
In this chapter the FE commercial package HyperXtrude was used for the simulation of 
the hot extrusion for the streaked AA6060 profiles. In the first part of this chapter the 
FE model of the twin screw port profile is described and the load and temperature 
results are compared to the experimental extrusions. Secondly, simulated contour plots 
of the temperature, strain and strain rate distributions at the bearing exit are 
presented. Finally, this chapter discusses the results of the simulations and the 
association between the simulated thermomechanical histories of the extrudates and 
the experimentally determined surface microstructures.  
6.2 Experimental Method 
Simulation of the extrusion process of the twin screw port profile was conducted using 
the FE software package HyperXtrude. The extrusion tooling and workpiece geometry, 
and process parameters were modelled to match those of the experimental extrusions.  
A full description of the model can be found in chapter 3.5 - Finite element Analysis. 
In order to examine the results of the simulations, contour plots representing the 
temperature, strain and strain rate distributions of the profile at the point of 
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deformation in the bearing throughout the extrusion cycle were then extracted. 
Evolution of the profile temperature and strain were then presented over a range of 
equivalent ram displacements. As the strain rate remained constant throughout the 
process after initial upsetting of the billet, only a single representative contour plot for 
the strain rate was presented.   
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6.3 Results 
6.3.1 Extrusion loads and temperatures 
The experimental and simulated extrusion load - displacement curves of the twin screw 
port profiles at ram speeds of 7mm/s, 14mm/s, 21mm/s and 28mm/s are compared in 
Figure 6-1. The simulated extrusion exit temperature – ram displacement curves are 
shown in Figure 6-2. Values for the peak load and peak exit temperature of the 
simulated and experimental extrusions are shown in Table 6-1. As the exit temperature 
data from many of the experimental extrusions was only partially available (as 
described in Chapter 4.3.1 - Extrusion), the peak values of the experimental exit 
temperatures for each ram speed were utilised for comparison. When evaluating the 
extrusion load and temperature data, the following observations can be made: 
1. The general shape of the simulated extrusion load – displacement curves 
matches that of the experimental extrusions where the load initially rises to its 
maximum and decreases as the billet is further deformed. The “displacement to 
peak load” of the simulation (which represent initial billet upsetting and 
welding) was not considered in the model, as a result this is underestimated by 
the simulations.  
2. The extrusion peak loads are generally overestimated but well represented by 
the simulations. The largest error between the simulated and experimental peak 
load is observed in the 7mm/s extrusion which overestimates the value by 
13.1%. All of the remaining simulations were able to predict the peak load 
within 7% error.  
3. The “steady state” section of all the extrusion load curves is well represented in 
the 7mm/s extrusions, as the slope of the simulated extrusion curve follows that 
of the experimental extrusion. In the 14mm/s, 21mm/s and 28mm/s extrusions 
the steady state loads are underestimated, whereby the slope of the simulated 
extrusion curves quickly falls below that of the experimental extrusion.  
4. The mean exit temperature of the extrudates increase rapidly in the initial 
stages of extrusion (up to a ram displacement of approximately 10mm). 
Throughout the rest of the extrusion the temperature continues to increase, but 
at a greatly reduced rate.  
5. The profile exit temperature scales with increases in the ram speed. However, 
this trend is nonlinear and the temperature begins to stabilise as the ram speed 
is increased.  
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6. The trends observed in the peak simulated exit temperature match those of 
their experimental counterparts, the exit temperature increases alongside the 
ram speed.  However, the simulated exit temperatures (listed in Table 6-1) are 
overestimated by 6.6 to 9% in the case of all four extrusions.   
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(a) 
 
(b) 
 Figure 6-1 – Comparison between the experimental and simulated extrusion load vs 
ram displacement curves for the (a) 7mm/s, (b) 14mnm/s, (c) 21mm/s and (d) 
28mm/s extrusions. 
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(c) 
 
(d) 
Figure 6-1 - Continued– Comparison between the experimental and simulated 
extrusion load vs ram displacement curves for the  (a) 7mm/s, (b) 14mnm/s, (c) 
21mm/s and (d) 28mm/s extrusions. 
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Figure 6-2 – Evolution of the simulated mean profile temperature through the 
extrusion process at the point where the material exits the die.  
Table 6-1 – Comparison table between the peak extrusion loads and exit temperatures 
for the experimental and simulated extrusions. The values for the exit temperature of 
the simulated extrusions are reported as the mean temperature of the profile at the 
final simulation timestep. 
Ram 
Speed 
(mm/s) 
Experimental  
Peak Load 
(MN) 
Simulation 
Peak Load 
(MN) 
 
Difference 
between 
experimental 
and simulated 
peak loads 
(%) 
Experimental  
exit 
Temperature 
(oC) 
Simulation 
mean exit 
temperature 
(oC) 
Difference 
between 
experimental 
and 
simulated 
peak 
temperature 
(%) 
7 1.156 1.32 + 13.2 473 513 +8.4 
14 1.344 1.41 + 4.8 487 531 +9.0 
21 1.382 1.48 + 6.8 497 535 +7.5 
28 1.470 1.52 + 3.34 505 538 +6.6 
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6.3.2 Thermomechanical conditions of exit profile 
6.3.2.1 Temperature distribution at the bearing 
The simulated temperature evolution of the profiles extruded at ram speeds of 7mm/s, 
14mm/s, 21mm/s and 28mm/s during throughout the course of the extrusion are 
shown below in Figure 6-3 to Figure 6-6. From the contour plots of the extrudates exit 
temperature the following observations can be made: 
1. The temperature of the extrudates cross section in the 7mm/s (Figure 6-3) and 
14mm/s (Figure 6-4) simulations was found to be fairly homogenous after 
initial upsetting of the billet. Only minor deviations in the profile temperature 
of approximately 8oC at the edges of the screw ports were observed.  
2. A larger variation in temperature distribution was observed in the simulations 
performed at ram speeds of 21mm/s (Figure 6-5) and 28mm/s (Figure 6-6). 
Significant increases, ranging from 11oC to 30oC, were observed at the ends of 
the screw ports and towards the edges of the profile throughout the extrusion 
process.  
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7mm/s 
Time = 0.7s 
Ram Displacement = 0.5mm 
Time = 4.2s 
Ram Displacement = 17.1mm 
 
 
 
 
 
Time = 8.4s 
Ram Displacement = 43.8mm 
Time = 12.6s 
Ram Displacement = 70.4mm 
 
 
 
 
 
Figure 6-3 – Contour plot of the profile temperature evolution of the 7mm/s extrusion 
simulation. 
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14mm/s 
Time = 0.3s 
Ram Displacement = 0.4mm 
Time = 2.1s 
Ram Displacement = 17.7mm 
 
 
 
 
 
Time =4.2s 
Ram Displacement = 45.2mm 
Time = 6s  
Ram Displacement = 68.8mm 
 
 
 
 
 
Figure 6-4 – Contour plot of the profile temperature evolution of the 14mm/s 
extrusion simulation. 
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21mm/s 
Time = 0.2s 
Ram Displacement = 0.4mm 
Time = 1.4s 
Ram Displacement = 18.4mm 
 
 
 
 
 
Time = 2.6s 
Ram Displacement =42.8mm 
Time = 4s 
Ram Displacement = 71.4mm 
 
 
 
 
 
Figure 6-5 – Contour plot of the profile temperature evolution of the 21mm/s 
extrusion simulation. 
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28mm/s 
Time = 0.2s 
Ram Displacement = 0.4mm 
Time = 1.0s 
Ram Displacement = 18mm 
 
 
 
 
 
Time = 1.9s 
Ram Displacement =41.9mm 
Time = 3.0s 
Ram Displacement = 69.8mm 
 
 
 
 
 
Figure 6-6 - Contour plot of the profile temperature evolution of the 28mm/s 
extrusion simulation. 
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6.3.2.2 Strain and strain rate distribution at the bearing 
The FE predicted strains and strain rates of the 7mm/s and 28mm/s extrusion are 
shown below in Figure 6-7 & Figure 6-8 and Figure 6-9 & Figure 6-10 respectively. As 
only minor differences were observed in the effective strain and strain rate profiles, 
only the profiles for the 7mm/s and 28mm/s are presented for the basis of comparison. 
From the strain and strain rate contours, the following observations can be made: 
1. The strain contour of the profile was unaffected by increases in the ram speed, 
with all simulated profiles showing similar strain contour plots.  
2. Over the course of the extrusion, the strain at the bearing entrance quickly 
increased as the billet was upset and the deformation zone was formed. Once 
this occurred (at a ram displacement of approximately 17mm), only minor 
increases in the strain were observed throughout the rest of the extrusion. The 
maximum strains were observed at the moment when the material entered the 
die bearing. 
3. The strain of the profile was found to be inhomogeneous with the highest 
strains occurring in interior regions of the screw ports (where ε = 16.7). Along 
the top surface of the extrudate where the streaks were located, locally 
increased strains were observed in the region above screw ports. Strains in the 
region screw port A were found to reach values of ε = 10.4, while strains above 
the two sides of screw port B was approximately equal to ε = 9.6. The effective 
strain across surrounding sections of the profiles surface were in the range of ε 
= 8 to 9.  
4. The maximum strain rate was observed at the profiles surface in the inlet of the 
die bearing where a majority of the strain occurs. Furthermore, the strain rate 
in the bearing scale linearly alongside increases in the ram speed, with 
predicted strain rates of 80.1 s-1 in the 7mm/s extrusion and 336.6 s-1 in the 
28mm/s.  Strain rates at the inlet of the bearing in the 14mm/s and 21mm/s 
extrusion were found to lie in-between these values at to be 165.7 s-1 and 258.0 
s-1 respectively.  
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7mm/s 
Time = 0.7s 
Ram Displacement = 0.5mm 
Time = 4.2s 
Ram Displacement = 17.1mm 
 
 
 
 
 
Time = 8.4s 
Ram Displacement = 43.8mm 
Time = 12.6s 
Ram Displacement = 70.4mm 
 
 
 
 
 
Figure 6-7 – Contour plot of the effective strain evolution of the 7mm/s extrusion 
simulation. 
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(a) 
 
(b) 
Bearing Entrance 
 
(c) 
 
Figure 6-8 - Contour plot of the effective strain rate at the bearing of the 7mm/s 
extrusion simulation (a & b). (c) Cross sectional contour plot of the effective strain 
rate at the bearing entrance. 
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28mm/s 
Time = 0.2s 
Ram Displacement = 0.4mm 
Time = 1.0s 
Ram Displacement = 18mm 
 
 
 
 
 
Time = 1.9s 
Ram Displacement =41.9mm 
Time = 3.0s 
Ram Displacement = 69.8mm 
 
 
 
 
 
Figure 6-9 – Contour plot of the effective strain evolution of the 28mm/s extrusion 
simulation. 
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(a) 
 
(b) 
At Bearing Entrance 
 
(c) 
 
Figure 6-10 - Contour plot of the effective strain rate at the bearing of the 28mm/s 
extrusion simulation (a & b). (c)  Cross sectional contour plot of the effective strain 
rate at the bearing entrance. 
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6.4 Discussion 
The following discussion is divided into three sections. First the results of the 
simulated extrusions are compared to their experimental counterparts, and the 
possible reasons for the observed discrepancies between the two are listed. Secondly 
variations in the profile temperature, strain and strain rate distributions are discussed. 
Finally the simulated thermomechanical histories the extrudates are compared to the 
surface microstructures obtained in the previous chapter - Topographical and 
microstructural analysis of a streaked profile, and their relationship is discussed.  
6.4.1 Comparison between the experimental and simulated 
extrusions 
The peak extrusion load was in general accurately predicted by the FE model. 
Differences between the simulated and experimental loads and “displacement to peak 
loads” can be explained by the use of pre-filled dies and the manner in which the 
extrusion were conducted semi-continuously (described in Chapter 4.4.1 - The 
extrusion process and extrudate mill finish surface quality). While the model was 
created to represent the material after the crush-burp cycle, the impact of billet-to-
billet welding was not considered. As a result, the pressure in the initial stages of the 
experimental extrusions is effected by the use of prefill and charge welding from the 
previous extrusion, while the model simulates each extrusion independently.   
The simulation for the 7mm/s extrusion (Figure 6-1 a) was found to well represent the 
“steady state” region of the extrusion cycle. However, this was not the case in the is 
14mm/s, 21mm/s and 28mm/s extrusions (as shown in Figure 6-1 c- d), where steady 
state extrusion loads were underrepresented by the simulation after initial billet 
upsetting.  There are several possible reasons why this has occurred, the most likely of 
which stems from the extremely high strain rates that were predicted by the model (up 
to 336 s-1 in the bearing of the 28mm/s extrusion). The maximum strain rate in the 
7mm/s extrusion was observed to be 80.1s-1 and the extrusion loads were well 
represented at this ram speed. However, in the 14mm/s, 21mm/s and 28mm/s 
extrusions the maximum strain rates were 165.7 s-1, 258.0 s-1 and 336.6 s-1 respectively, 
exceeding the range of strain rates used in the hot compression tests that were utilised 
for the model development (maximum strain rate of 130s-1 as described in Appendix 1 – 
Hot Compression and Constitutive Model Development). It has been reported that the 
strain rate sensitivity of aluminium increases at high strain rates and as a result, the 
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extrapolated flow stress values determined by the model have likely underestimated 
the actual flow stress at these strain rates [139]. 
Some other possible causes for the models’ underestimation of the steady state flow 
stress are cooling of the billet against the ram during the experimental extrusions, and 
possible overestimation of the temperature increase during deformation in the 
extrusion simulations.  
In the experimental extrusions, although the ram was heated in the 450oC container for 
5 minutes prior to each individual extrusion, cooling of the ram would have occurred 
during the interim period required to heat and load the billet. As we were not able to 
monitor the ram temperature or the billet temperature during deformation at the 
Deakin extrusion facility, it is likely that there was some heat lost from the billet to the 
ram during deformation. This would result in an increase in the flow stress, and the 
resultant extrusion loads, especially in the latter half of extrusion. In the simulated 
extrusions an initial ram temperature of 450oC was assigned to the model, and as a 
result the heat transfer from the billet to the ram during deformation was likely 
underestimated.  
The peak temperatures of the extrusion simulation were predicted to be between 6.6 to 
9% higher than the measured experimental extrusion exit temperatures. The most 
likely possible reasons for this discrepancy is the differing exit temperature 
measurement points in the simulation and experimental setup. The temperature values 
for the simulation represent the extrudate temperature at the point where it 
immediately exits the die, while and pyrometer in the experimental setup measures the 
profile temperature at a point approximately 300mm from the die exit.   As a result, it 
is likely that some post-extrusion cooling has occurred in the experimental extrusions 
which is not represented in the simulations. This is shown when comparing the 
temperature discrepancies across the range of ram speeds (Figure 6-11), where slightly 
larger temperature discrepancies were observed between the simulated and 
experimental values of the slower extrusions which required more time to reach the 
pyrometer. Other possible reasons for this discrepancy are the pyrometer placement, 
where the last 300mm of the extrudate, (where the temperatures are generally 
highest), do not reach the pyrometer and are not measured in the experimental 
extrusions, and the aforementioned cooling of the billet against the ram. 
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Figure 6-11 – Comparison between the exit temperatures of the experimental and 
simulated extrusions of the twin screw port profile. The values for the exit 
temperature of the simulated extrusions are reported as the mean temperature of the 
profile at the final simulation timestep. 
6.4.2 Temperature and strain distribution of the extrudate 
The observed variations in the profile temperature distribution with changes in ram 
speed are likely the result of the combined complex thermal interactions that occur 
during deformation. The temperature increase during deformation through the die is 
generally assumed to be the sum of three components: Temperature rise due to 
deformation heating - ΔT1, temperature increase due to friction at the container wall - 
ΔT2, and temperature increase due to friction between the die bearing and extrudate - 
ΔT3. These temperature increases have been previously approximated by equations 
developed by Stuwe [140], as quoted in [4]: 
 
Equation 6-1  
 
Equation 6-2 
 
Equation 6-3 
 
∆𝑇𝑇1 = 𝜎𝜎𝜎𝜎𝜎𝜎𝑅𝑅√3𝜌𝜌𝐶𝐶𝑝𝑝  
∆𝑇𝑇2 = 𝜎𝜎4√3𝜌𝜌𝐶𝐶𝑝𝑝 �𝑣𝑣𝑟𝑟𝜎𝜎𝑏𝑏𝜌𝜌𝐶𝐶𝑝𝑝𝑘𝑘       
∆𝑇𝑇3 = 𝜎𝜎4√3𝜌𝜌𝐶𝐶𝑝𝑝 �𝑣𝑣𝑟𝑟𝑅𝑅𝜎𝜎𝑑𝑑𝜌𝜌𝐶𝐶𝑝𝑝𝑘𝑘       
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Where ρ is density, Cp is the heat capacity, σ/√3 is the shear stress, v is the ram speed, 
k is the thermal conductivity, R is the extrusion reduction ratio, lb is the billet length 
and ld is the die bearing length. 
As the temperature rise due to deformation heating is independent of the ram speed its 
effects are assumed to be constant throughout the extrusion trials. Though not 
considered in Equation 6-1, the effects of deformation have been shown to be strain 
dependant, where more strain leads to a greater temperature increase [141]. As the 
highest value of strain (up to approximately 18) was observed at the lower region of the 
screw ports (Figure 6-7 Figure 6-9) this likely contributed to the temperature increase 
observed at the edges of the screw ports in all of the extrusion simulations.   
The temperature increase due to friction between the container and workpiece is ram 
speed dependant and hence, as the ram speed is increased the contribution to 
temperature rise from this effect becomes more pronounced.  Additionally, this effect is 
depth dependant and larger frictional forces and hence temperature increases occur at 
the sections of the extrudate which are closest to the container walls (as described by 
the container effect in chapter 2.4.3.4 – Die Design) [4, 140]. In the twin screw port 
profile the regions closest to the container walls are the edges of the profile and ends of 
the screw ports where the proportionally increased temperatures were observed as the 
ram speed was increased. As a result, temperature increase from friction between the 
container and workpiece likely accounts in the appearance of the observed temperature 
rise in these regions in the 21mm/s and 28mm/s extrusions. 
The temperature increase due to friction between the die land and extrudate is also 
dependant on the ram speed. As the die bearing length is constant (4.5mm) along the 
top of the extrudate, no differences in frictional heating of the bearing are expected 
throughout this region. However, as the die bearing was shorter at the ends of the 
screw ports (1.8mm), it is thought that these regions would experience less heating due 
to this effect and should appear cooler. As the temperature was seen to be increased in 
these regions, it is apparent that the effects of the temperature rise due to the other two 
temperature components outweighed this effect. 
The effects of heat loss to the die may also contribute to the observed temperature 
differences in the extrudates. However as the contact time between die and workpiece 
is extremely short (maximum of approximately 0.27 seconds in the 7mm/s extrusion), 
this effect is likely minimal.  
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The strain distribution at the bearing of the extrudate (shown in Figure 6-7 &Figure 
6-9) is dependent on the flow patterns developed during and after initial billet 
upsetting. In unlubricated direct extrusion, these flow patterns form due to the 
development of dead metal zones between the die face and container walls, and in the 
feeder region of the die that proceeds the bearing [49].  These dead metal zones can be 
observed as stationary material in the corners of the container – die interface, and in 
die feeder region when viewing the longitudinal cross sectional velocity plot of the 
7mm/s extrusion simulation (Figure 6-12).   
 
Figure 6-12 – Velocity contour plot of the longitudinal cross section of the partially 
deformed billet extruded at 7mm/s. The cross sectional view is shown in the centre of 
screw port A. Dead metal zones are indicated by the black arrows.  
The development and advancement of the strain during extrusion was observed to be 
ram speed independent, where no changes in the strain distribution in the bearing 
occurred as the ram speed was increased (Figure 6-7 & Figure 6-9). This is supported 
by experimental studies by Schikorra et al [142], who determined that the flow paths of 
the extrudate do not change when the ram speed is increased.    
The slight progressive increase in the strain after the initial deformation zone is formed 
is likely a result of the transience of the dead metal zones, where the flow patterns 
gradually change as the ram moves towards the die face and the billet is shortened. 
This causes the dead zone to progressively diminish and flow radially into edges of the 
die outlet, resulting in the minor increases in strain throughout the length of the 
extrusion [4, 142].  
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The distribution of strain across the profiles cross section is typical of that observed in 
direct extrusion where the highest strains are observed at the extrudate surface at the 
bearing entrance. Due to the majority of the material at the extrudates surface 
originating from the shear intensive zone (as described in section 2.4.3.2 - 
Deformation), it is expected that the high surface strains are attributed to shear. 
Furthermore, as the material in the centre of the extrudate originates from the material 
flow zone, it is expected to undergo a deformation state that resembles plain strain [4, 
35-38]. As the bearing entrance is where a majority of the plastic strain occurs, the 
bearing region also coincides with where the strain rates are highest (Figure 6-8Figure 
6-10).  
The variations in strain at the surface of the extrudate (such as the areas surrounding 
the screw ports) are likely caused by the different flow paths, as determined by the size 
and shape of the dead metal zones, in the regions preceding the bearing. The 
longitudinal cross sectional velocity plots of the centre of screw port A (Figure 6-13 a) 
and the extrudate centre (Figure 6-13 b) of the 7mm/s extrusion are shown below. It is 
apparent that the size and position of the dead metal zones between the two regions 
vary significantly, and larger dead metal zones are present in the region preceding 
screw port A. Due to the disparity in flow velocity between the dead metal zone and 
neighbouring material flow zone, increasing the size of the dead metal zone will 
correspondingly increase the severity of the shear deformation in this region [143]. 
Furthermore, this effect is like exacerbated by the inherent variation in the size of the 
dead metal zones throughout the extrusion profile geometry it approaches the 
container/billet interface. Due to the complex and asymmetric cross sectional geometry 
of the twin screw port this effect is likely occurring along all the boundaries, resulting 
in the observed variations in surface strain.  
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(a) – Screw port A (b) – Extrudate Centre 
  
Figure 6-13 - Longitudinal cross sectional velocity contour plot of  (a) the centre of 
screw port A and (b) the extrudates centre for the 7mm/s extrusion. 
6.4.3 The relationship between thermomechanical variation 
during extrusion and surface grain size 
The surface microstructures obtained in Chapter 5 - Topographical and microstructural 
analysis of a streaked profile displayed a series of fully recrystallized equiaxed grains, 
the size of which depended on the applied ram speed and position of the extrudate with 
reference to the geometry of screw port A. While determination of the precise 
underlying mechanisms that control recrystallisation and grain growth at the surface of 
an extrudate is outside the scope of this thesis, the following section provides a brief 
discussion of the relationship between the thermomechanical histories of the various 
regions of the extrudate, and their final grain size.  
Throughout the extrusion simulations, the observed strain rates and temperatures 
varied significantly at the bearing with increases in ram speed. While variations in the 
strain rate and temperature are expected to have an effect on the grain size, the average 
grain size through each region of the profile (except for the α region) was found to be 
fairly consistent [55]. The effects of strain rate and temperature are generally combined 
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into a single parameter called the Zener Hollomon parameter Z, as described by 
Equation 6-4, where the recrystallized grain size decreases with increasing Z [65].  
  Equation 6-4 
 
Where έ is the strain rate, T is the temperature in kelvin, Q is the activation energy for 
hot deformation (Q=193930 kj/mol as determined in Appendix 1 – Hot Compression 
and Constitutive Model Development) and R is the universal gas constant (=8.314 
J/mol K).  
In order to quantify the compounding effects of strain rate and temperature at the 
extrudates surface, a value for Z for each ram speed was calculated using the mean 
values for the extrudate exit temperatures (from the final simulation timestep) and 
strain rate at the bearing (as determined by the extrusion simulations) and plotted 
below in Table 6-2. It can be seen that while the value for Z increases slightly with the 
ram speed, the difference between values is minimal. Large changes in grain size 
necessitate increases in Z of several orders of magnitude [55]. It is likely that the large 
increase in strain rate that occurred when the ram speed was increased was negated by 
the increased temperature as a result of deformation heating. As a result, the grain size 
remained fairly similar throughout the range of profiles as the ram speed was 
increased. 
Ram Speed 
(mm/s) 
Strain Rate 
(s-1) 
Simulation mean 
exit temperature 
(oC) 
Zener Hollomon 
Parameter 
7 80.1 513 6.15 x 1014 
14 165.7 531 6.56 x 1014 
21 258 535 8.85 x 1014 
28 336.6 538 1.034 x 1015 
Table 6-2 – Comparison between the Z values attained at the surface of the extrusions 
for each ram speed. 
        𝑍𝑍 =  έ ∗ 𝐷𝐷𝑥𝑥𝐷𝐷 (− 𝑄𝑄
𝑅𝑅 ∗ 𝑇𝑇
)  
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One scenario that can result in the variation in grain sizes observed throughout the 
range of extruded profiles it the formation of peripheral coarse grains (PCGs) through 
abnormal grain growth or secondary recrystallisation [55, 137, 144, 145]. PCGs are 
commonly observed on the surface of extrusions due to the high strains and strain rates 
that occur during deformation through the die bearing. While the mechanisms that 
determine PCGs are under debate, it is generally accepted that increasing the stored 
energy of the material increases the subsequent recrystallisation kinetics, and results in 
a scenario where the formation of PCGs through secondary recrystallisation is more 
favourable [137, 144, 145]. It is well known that PCGs form rapidly after deformation, 
and if the conditions for PCG are met, they will grow rapidly and consume the 
surrounding smaller grains until the grain impinges on another high-angle grain 
boundary. If the conditions for secondary recrystallisation have been met (or the extent 
in which they are met) in some regions of the extrudate, it is possible that PCG 
formation can account for the observed differences in grain size.  An example of where 
the stored energy is higher and larger surface grains were attained in the twin screw 
port profiles are the regions above the screw ports where the strains are higher.  
The reduction in grain size observed in the α region of the 21mm/s and 28mm/s 
extrudate (compared to the extrusion perfumed at 7mm/s and 14mm/s) is surprising 
due to the observed temperature increase in this region with the increasing ram speed 
(as shown in contour plots of the extrusions in Figure 6-5 and Figure 6-6) that was not 
present in the 7mm/s and 14mm/s extrusions. While an increase in deformation 
temperature is generally associated in an increased recrystallized grain size [55], due to 
the large number of interacting mechanisms that occur during extrusion and cooling 
this is not always the case. The simplest explanation for this occurrence is the 
possibility of increased nucleation sites in the α region of the extrudate if the 
requirements for site saturated nucleation have not yet been reached [55]. Another 
possible explanation is the effects of strain rate and temperature on the mechanisms 
that control static recrystallisation in aluminium alloys [52, 55, 65]; specifically, 
Particle stimulated nucleation of randomly oriented grains in the deformation zone 
surrounding non deformable particles, nucleation of grains from deformed grain 
boundaries, and nucleation from pinched off grains (as described in section 5.4.2 - The 
extrudate surface microstructure in the previous chapter). It is possible that the 
increased temperatures in this region has altered the mechanism of grain nucleation 
and growth in this region of the extrudate, resulting in the reduced grain size. This has 
been demonstrated by Ihara and colleagues [146], observed increased recrystallised 
grain sizes alongside a reduction in extrusion temperature in a series of hollow 6005A 
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extrusions. This was attributed to higher growth potential of cube oriented grains at the 
lower deformation temperatures, where a smaller number of recrystallised grains and a 
larger stored strain energy immediately after extrusion, results in scenario where cube 
grains grow preferentially and consume other grains during subsequent static 
recrystallisation, increasing the average grain size. However, it should be noted that 
there was not a significant change in the percentage of cube grains in the α region of 
the extrudate throughout the range of extrusions.  
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6.5 Conclusions 
The work in this chapter focused on the simulation of the twin screw port profile and 
the analysis of the varied thermomechanical history experienced by the extrudates 
during deformation. The main points from this chapter are:  
1. A good agreement between the simulated and experimental extrusion was 
observed when comparing the extrusion peak loads and exit temperatures. The 
model was able to predict the peak extrusion loads to within 13.2% error and 
the exit temperatures to within 9% error. However, steady state loads of the 
14mm/s, 21mm/s and28mm/s extrusions were underestimated by the 
simulation.  
2. The effective strain increased progressively during the extrusion process where 
it reached a maximum in the bearing during deformation. The strain 
distribution of the extrudate was found to vary throughout the cross sectional 
geometry, where locally high strains were observed in the region above the 
screw ports. The variations in strain were determined to be related to flow path 
of the material leading into the bearing, as determined by the die design, profile 
geometry and the development of dead metal zones.  This strain distribution 
was found to be independent of the ram speed.  
3. An increased extrudate exit temperature was observed at the edges of the 
21mm/s and 28mm/s extrusions. This temperature increase was likely a result 
of temperature increase occurring due to friction between the billet and the 
container wall, the severity of which scales with the ram speed. This 
temperature increase correlated with the regions where a smaller grain size was 
observed in the experimental extrusions. 
From this work the primary contributions to original knowledge are: 
1. Significant thermomechanical variations (in the form of strain and 
temperature) were predicted in the extrudate cross sectional geometry and 
around the screw ports where the streaks were observed throughout the range 
of extrusions. These results support the occurrence of thermomechanical 
differences throughout more complex sections of extrusion profiles. 
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7.1 Conclusions 
The work described in this work has taken a “from the ground up” approach to 
analysing thermomechanical streaking during extrusion of an AA6060 alloy, 
encapsulating the entire process chain for an architectural extrusion. The following 
conclusions are reproduced from each of the earlier Chapters relating to the production 
and analysis of the thermomechanically streaked extrusions.  
The conclusions from each of the chapters are split into two main categories:  
1. Specific conclusions which are observational or specific to the samples analysed 
in this work. 
2. Contributions to original knowledge which are more universally applicable, and 
can be extrapolated upon and applied to the architectural extrusion process 
chain and alloy system as a whole.  
Finally the origin of the four streaks is summarised. 
The work described in Chapter 4 focused on the production of a number of 
thermomechanically streaked profiles, the confirmation that the produced streaks 
would be considered thermomechanical in the extrusion industry and the visual 
analysis of these streaks. The specific conclusions arising from this work are: 
 A specialized “streak prone” profile was designed and extrudates were produced at 
four set ram speeds. Four streaks were observed on all of the extruded profiles: 
• A thick dull streak (A) that covers the region above screw port A. This 
width of this streak varied with ram speed.  
• A thin dull streak (B) in an independent zone, slightly offset from the 
centre of the profile.  
• Two thin dull streaks (C) & (D) located above each side of the screw port 
B.  
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 Streak (B) located in the independent zone towards the centre of the profile was 
associated with four significant die lines that were not removed during the etching 
stage of the anodisation pre-treatment process.  
 Streaks (A), (C), (D) were compared to the known possible known causes of 
streaking defects. These streaks all exhibit several identifying characteristics that 
are utilised to identify thermomechanical streaks in the extrusion industry. 
Streaking arising from poor quality billet material, surface damage, surface 
waviness and surface clad deposition were disregarded as possible causes. 
 Analysis in CIELAB established the visibility of the streak (A) in the etched samples 
was associated with differences in the perceived lightness - L* between streaked 
and surrounding regions. No differences in the colour components a* and b* were 
observed.  
From the work described in Chapter 4 the primary contributions to original knowledge 
are: 
 Lightness and values for the Euclidian distance between colours (ΔE - as explained 
in Equation 4.1) from the colour analysis correlated well with the optical 
observations of the streaked samples, hence colourimetry can be utilised as an 
effective measure of quantifying streak visibility and severity.  
 Achromatic differences in perceived lightness (and hence diffuse reflectance) were 
determined to be the primary source of visual disparity between streaked and 
surrounding regions 
The work described in Chapter 5 focused on the analysis of the surface microstructures 
and topographies produced in a series of streaked AA6060 extrusions. The specific 
conclusions arising from this work are: 
 No signs of streaking were observed in the mill finish surface topography. The 
effects of the mill finish surface were functionally eliminated during the etching 
process to a point where they did not influence the etched Ra.   
 The etched sample Ra was primarily dependant on the mean size of the grain 
etching steps in each region. The size of the grain etching steps matched that of the 
grain size and identical trends relating to reference position on the extrudate and 
ram speed were observed. 
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 Surface grains were found to be equiaxed with a weak texture. This structure is 
typical of AA6060 extrusion surface microstructures that have undergone static 
recrystallisation during post extrusion air cooling. The resulting grain size varied in 
depending on the ram speed and position with reference to screw port A. No such 
correlation was observed regarding the surface textures.  
 A difference in grain size in the regions surrounding the screw ports that resulted in 
a difference in surface roughness upon etching was determined to be the origin of 
streaks. This difference in grain size also further confirms that the streaks are 
thermomechanical.  
From the work described in Chapter 5 the primary contributions to original 
knowledge are: 
 The perceived lightness L* of an etched extrudate surface directly correlates with 
the roughness (Ra). Where higher roughness is related to an increase in the 
perceived lightness. This is due to the dependence on lightness on the diffuse 
reflectance of light, where rougher surfaces cause more diffuse reflectance.  
 The roughness on the surface of an etched extrudate is primarily dependant on the 
size and distribution of grain etching steps, which in turn are related to the size of 
the etched grains. 
 An inverse linear relationship between the surface grain size and perceived 
lightness was observed where increasing the grain size resulted in a decrease in the 
perceived lightness. 
The work described in Chapter 6 focused on the simulation of the twin screw port 
profile and the analysis of the thermomechanical history experienced by the extrudates 
during deformation. The specific conclusions arising from this work are: 
 A good agreement between the simulated and experimental extrusion was observed 
when comparing the extrusion peak loads and exit temperatures. The model was 
able to predict the peak extrusion loads to within 13.2% error and the exit 
temperatures to within 9% error. However, steady state loads of the 14mm/s, 
21mm/s and28mm/s extrusions were underestimated by the simulation.  
 The effective strain increased progressively during the extrusion process where it 
reached a maximum in the bearing during deformation. The strain distribution of 
the extrudate was found to vary throughout the cross sectional geometry, where 
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locally high strains were observed in the region above the screw ports. The 
variations in strain were determined to be related to flow path of the material 
leading into the bearing, as determined by the die design, profile geometry and the 
development of dead metal zones.  This strain distribution was found to be 
independent of the ram speed.  
 An increased extrudate exit temperature was observed at the edges of the 21mm/s 
and 28mm/s extrusions. This temperature increase was likely a result of 
temperature increase occurring due to friction between the billet and the container 
wall, the severity of which scales with the ram speed. This temperature increase 
correlated with the regions where a smaller grain size was observed in the 
experimental extrusions. 
 
From the work described in Chapter 4 the primary contributions to original 
knowledge are: 
 
 Significant thermomechanical variations (in the form of strain and temperature) 
were predicted in the extrudate cross sectional geometry and around the screw 
ports where the streaks were observed throughout the range of extrusions. These 
results support the occurrence of thermomechanical differences throughout more 
complex sections of extrusion profiles. 
In summary, four streaks were produced using a specialised extrusion setup 
deliberately designed to produce thermomechanical variation on a profile containing 
two screw ports. Theses streaks were designated as (A), (B), (C) and (D). Streaks (A), 
(C) and (D) were located in the regions above the two screw ports, while streak (C) was 
located in an independent zone in the profiles centre.  
Streak (B) was determined not to be thermomechanical, and instead was the result of a 
damaged die that left four severe die lines along the surface of the extrudates. Due to 
their severity, these die lines were not removed during the etching stage of the 
anodisation pre-treatment process and resulted in the observed streak. 
Streaks (A), (C) and (D) were determined to be thermomechanical as they exhibited 
several identifying characteristics that are utilised to identify thermomechanical 
streaks in the extrusion industry. Furthermore, the position of the streaks correlated 
well with finite element simulations that revealed thermomechanical variations in the 
form of increased strain and varied temperatures in the regions above the screw ports. 
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A difference in grain size in the regions containing and surrounding streaks (A), (C) 
and (D) was determined to be the microstructural origin of the defect, which 
subsequently lead to in a difference in the mean size of the topographical grain etching 
steps upon etching. This resulted in a significant difference in the surface roughness 
between the streaked and surrounding regions.  
Finally, the optical origins of these streaks was identified as changes in the achromatic 
perceived lightness of the streaked and bulk regions. As the perceived lightness of a 
metal surface directly correlates with the surface roughness, the difference in 
roughness between these regions was enough to result in the visible streaks.   
7.2 Recommendations for identifying and reducing 
streaking in the extrusion industry  
Through increasing our understanding on the topic of streaking the work in this thesis, 
the following section lists some recommendations that could benefit the extrusion 
industry in identifying and reducing the occurrence of streaking defects. These are 
outlined as follows: 
• The use of profilometry proved to be an extremely effective method of 
identifying and characterising streaks throughout the course of this thesis. This 
could be adapted to be utilised as a method of streak identification in the 
industry as it is quick to setup and use and the resulting topographical maps 
give strong indications of the type of streak in question. Furthermore, exact 
calculation of the properties of the surface features between streaked/bulk 
regions is possible, but generally not required as any differences are clearly 
identifiable from the maps.  
Profilometry can be utilised to identify the various streak types as they appear 
on the maps as follows: 
 
Thermomechanical Streaks: Thermomechanical streaks appear as 
variations in the size and/or depth of grain etching steps between the streaked 
and surrounding regions.  
  
Billet Streaks: Billet streaks appear as regions where poor billet control has 
resulted in damage to the extrudate surface (i.e. short score lines that arise due 
to the detachment of an iron or oxide inclusion) which were not removed by the 
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anodization process, or regions where poor quality material has resulted in a 
localised enrichment of particles/precipitates. These will generally appear as 
temporary die lines with a defined start and end point or as disparity in the size 
and number density etching pits between the streaked and surrounding regions. 
 
Surface Damage: Streaks appear as severe longitudinal die lines or regions of 
damage to the extrudate surface that was not removed during the anodization 
process. 
• As thermomechanical streaks were observed to be dependent on the size of the 
extrudates surface grains, removing these grains though a sandblasting 
treatment, prolonged caustic treatment or by using an acid based enchant 
(which does not react preferentially to any aspects of the surface 
microstructure) will remove the grains/streaks entirely. However, these steps 
all come with the downside of additional cost to the extruder and a darker 
surface finish with less gloss.     
 
• As the microstructural origin of thermomechanical streaks stems from 
thermomechanical variation during deformation through the extrusion die, the 
simulation phases of the die design process can be used to identify potential 
problem regions (i.e. regions of the extrudate that experience significant 
temperature increase or locally high strains/strain rates). Furthermore, the 
simulations can then be utilised to trial modifications to the die or differing 
process conditions in order to reduce/eliminate the issue. This would serve as 
an expansion of the process that is already in place, as current extrusion 
processes are simulated and optimised by die designers to ensure accurate 
production of the intended profile geometry and balanced material flow at the 
die exit.  
7.3 Recommendations for future work 
The work of this thesis has highlighted certain areas in extrusion technology where 
there is insufficient knowledge. Some of these potential areas of further interest and 
outlined below. 
• While a difference in the size of grain etching steps (as related to the surface 
grain size) was identified as the primary origin of the observed 
thermomechanical streaks, the precise underlying mechanisms that control 
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recrystallisation and grain growth at the surface of an extrusion were 
considered outside the scope of the project. Further study of the mechanisms of 
microstructural development at the surface of architectural 6xxx series 
extrusions should be considered.  
• This study exclusively considered a single aluminium alloy, extrusion profile 
geometry and billet temperature. As all of these factors affect the materials 
microstructure, they can also potentially be utilised as a method of controlling 
streaking. As a result, the relationship between these parameters and the 
surface microstructure of an extrudate needs to be examined.   
• The topography of an extrudate was determined to correctly correlate with its 
visual appearance.  As the final surface topography of an extrudate is not only 
dependant on the surface microstructure but also the etching process, further 
work on the development of the surface topography over the course of a caustic 
etching treatment is a worthy topic of study.  
• The average strains and strain rates that are utilized in the development of 
material models were projected to be greatly exceeded by the extrusions 
conducted in this thesis, especially at the extrudate surface. In order to better 
simulate the extrusion process, development of additional material models that 
utilise higher strains and strain rates is required.  
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 Hot Compression and 
Constitutive Model Development 
A.1 - Introduction 
In previous studies concerning the hot deformation behaviour of AA6060 the applied 
strain rate seldom exceeds 10 s-1. However, in many metal forming applications local 
strain rates encountered during deformation are often significantly higher than 10s-1 
(for example extrusion where local strain rates can reach and greatly exceed 60 s-1 [4]). 
When constructing a constitutive relationship for finite element modelling (FEA) 
simulations, a broad range of strain rates and material temperatures must be 
considered. If this range is too narrow, the accuracy of the simulated results may be 
effected due to extrapolation on the part of the FE program [147].    
In order to develop an appropriate constitutive model for AA6060 in extrusion, hot 
compression tests were performed at an elevated temperature (between 450oC and 
540oC) and high strain rate (3 – 130 s-1). Subsequently, flow stress graphs were 
obtained and corrected for friction (between the platens and sample) and deformation 
heating and a constitutive model was developed.  
A.2 -  Methodology 
A series of uniaxial hot compression tests were conducted on a Servotest high rate 
Thermo-mechanical Treatment simulator. To minimise friction, each sample was 
coated in Molybond® 122l Dry solid film lubricant with additional Boron nitride 
lubricant applied to each end directly before testing. This is required to maintain 
uniformity during deformation, as the high friction levels developed during high strain 
rate deformation can result in excessive bulging of the sample.   
Samples were heated in an in-line thermo-coupled-feedback-control induction furnace 
at a rate of approximately 2.8oC by and then held in the test furnace where deformation 
takes place until they normalised at the desired temperature. The insitu sample 
temperature was measured by way of an n type thermocouple imbedded in the sample 
during heating and deformation. Additionally, the compression rig contains two 
heating elements in the upper and lower platens to ensure that the platens are 
sustained at the test temperature.  
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Deformation was conducted at test temperatures ranging from 723 to 813 K at intervals 
of 30 K, and at constant strain rates of 3, 10, 30 and 130 s-1 achieving a final strain of 1. 
After compression the samples 2 of the 3 samples were water quenched directly in the 
in line furnace (With an approximate time to quenching of 1s after deformation was 
completed), while the 3rd was left to air cool.  
The applied load and crosshead displacement data were recorded during testing and 
utilised in the calculation of stress and strain during deformation. During compression, 
the samples cross sectional area increases alongside deformation. Therefore, in order 
to achieve and maintain a constant strain rate, the crosshead velocity is automatically 
adjusted to decrease alongside increases in displacement.  
The true strain ε and stress σ were calculated using the following equations: 
                                                      𝜀𝜀 = 𝑚𝑚𝑚𝑚 ℎ0
ℎ𝑖𝑖
                                   Equation A-1 
                                   𝜎𝜎 = ( 𝐹𝐹
𝐴𝐴0
)(ℎ𝑖𝑖
ℎ0
)                                 Equation A-2 
Where h0 and hi are the initial and instantaneous height of the samples, F is the 
measured load and 𝐴𝐴0 is the initial cross section of the sample. 
A.2.1 -  Corrections for Frictions 
Although lubricants were used during the test process, the deformed samples still 
displayed a large degree of bulging (As shown in Figure A-1). To compensate the 
measured flow stress was corrected to consider the effect of friction between the 
sample and platen during deformation. 
 
 
Figure A-1 – Geometry of the compression samples after deformation. 
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A simplified representation of the compression test is shown below in Figure A-2. Here 
R0 is the initial sample radius, while RM and RT are the inner and outer radius of the 
deformed sample and h0 and h denote the sample height before and after deformation.  
 
Figure A-2 – Representation of the compression test (a) before compression and (b) 
after compression [148]. 
The frictional coefficient between the tooling and workpiece – m, was first determined 
using the following equations [148]: 
                            𝑚𝑚 =  �𝑅𝑅ℎ�∗𝑏𝑏
�4∗√3�−(2𝑏𝑏3 ∗√3)                                      Equation A-3 
Where:  
                                  𝑏𝑏 = 4 ∗ ∆𝑅𝑅ℎ
𝑅𝑅∗∆ℎ
                                               Equation A-4 
                               ∆𝑅𝑅 = 𝑅𝑅𝑚𝑚 − 𝑅𝑅𝐸𝐸                                          Equation A-5 
                                  ∆ℎ = ℎ0 − ℎ                                           Equation A-6 
 
Values for R0, RM, RT, h, and h were measured directly for all of the tested samples and 
an average value of m = 0.17725 was determined. 
Finally the material flow stress was modified considering the effects of friction during 
deformation using the following equations [149]: 
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                                   𝜎𝜎𝑓𝑓 =  𝜎𝜎𝑜𝑜∗𝐶𝐶22∗(𝑒𝑒𝑒𝑒𝑒𝑒(𝐶𝐶)−𝐶𝐶−1)                                        Equation A-7 
Where σf is the friction corrected stress, σo is the measured stress and C is the 
instantaneous correction coefficient of interfacial friction as determined by: 
                                   𝐶𝐶 =  2∗𝑚𝑚∗𝑅𝑅
ℎ𝑚𝑚
                                             Equation A-8 
Where hm is the instantaneous measured height and R is determined by: 
                                  𝑅𝑅 =  𝑅𝑅0�ℎ0ℎ𝑚𝑚                                          Equation A-9 
 
A.2.2 -  Corrections for deformation heating  
Insitu measurements of the sample temperature during deformation detected 
significant deformation heating (up to 24oC), especially in the tests conducted at high 
strain rate, which can cause an appreciable decrease in the material flow stress. To 
compensate, the following equation (Equation A-10) was used to determine the stress 
increase due to deformation heating [141]:  
 
Equation A-10 
 
Where Td is the temperature increase due to deformation heating, Up is the work done 
of plastic deformation per unit volume, ρ is the density of the workpiece (2.705 g/cm3), 
c is the specific heat of the workpiece (0.89 kj/Kg*K), σ is the measured stress, ε is the 
true strain and β is the fraction of deformation work converted to heat. 
The value of β was determined using regression analysis by comparing the calculated 
and measured values for deformation heating, and adjusting the β value to produce the 
minimum total %error between these two values. From this a value of β=0.77 was 
found the minimum value for the average total %error (=7.78%) over the range of 
deformation conditions. A comparison between the measured and predicted 
deformation heating values can be found below in Figure A-3. 
𝑇𝑇𝑑𝑑 =  𝑈𝑈𝑒𝑒𝜌𝜌 ∗ 𝐸𝐸 =  𝜎𝜎 ∗ 𝜀𝜀 ∗ 𝛽𝛽𝜌𝜌 ∗ 𝐸𝐸  
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Figure A-3 – Predated vs measured deformation heating over the range of 
deformation conditions, whereby β = 0.77. 
 
Insitu measurements of the sample temperature during deformation detected 
significant deformation heating (~ 24oC), especially in the tests conducted at high 
strain rate, which can cause an appreciable decrease in the material flow stress. To 
compensate for this decrease in the material flow stress, additional isothermal 
compression tests were conducted at each temperature at a strain rate of 0.01 and 0.1 
where deformation heating is negligible and a power law constitutive equation was 
developed.  
The flow stress curves for the isothermal compression of AA6060 are given below in 
Figure A-4. An average value for the steady state flow stress was taken between strains 
of 0.1 and 0.4 for the development of the constitutive equation. 
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  (a) 450oC 
 
  (b) 480oC 
Figure A-4 – Isothermal Flow Stress – Strain curves for the compression of 
solution treated AA6060. 
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(c) 510oC 
 
(d) 540oC 
Figure A-4 Continued – Isothermal Flow Stress – Strain curves for the compression of 
solution treated AA6060. 
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Plots of the steady state flow stress (SS stress) vs the strain rate for the four test 
temperatures are plotted below in Figure A-5. At these low stress levels, the 
relationship between stress and strain rate can be described by a power law equation 
(as shown in Equation A-11 below) 
Equation A-11 
Where έ is the strain rate, and A’ and m are functions of temperature. 
 
Figure A-5 - The relationship between Strain rates – SS Stress at the test 
temperatures. Used for the determination of the material constant m. 
 
From Figure A-5 an average value of m can be determined as m = 0.16235.  
If it is assumed that A’ = A*exp(mQ/RT), transposing Equation A-11 results in the 
following expression: 
Equation A-12 
Where Q is the activation energy for deformation and, R is the ideal gas constant 
(=8.314 J/mol K). In accordance with Equation A-12 the value for mQ can be 
determined from the gradient of the Ln(σ) – 1000/RT plot (as shown in Figure A-6 
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below). As the value for m has already been determined (=0.169), the value for Q can 
then be calculated at Q = 196726 kJ/mol.  
 
Figure A-6 - The relationship between Ln(SS Stress) – 100/RT at the test 
temperatures. Used for the determination of average gradient mQ. 
 
By substituting the measured values for the material steady state flow stress and 
calculated values for Q and m in the, the constant A can be determined using the power 
law described in Equation A-13 below: 
Equation A-13 
Where Z is the Zener-Hollomon parameter as described by Equation A-14: 
Equation A-14 
This yields an average value of A = 0.17554 over the given data range. 
Finally, substituting the obtained values for A and m into Equation A-13 the following 
constitutive equation for AA6060 is obtained:  
Equation A-15 
y = 34.435x - 2.8795
y = 29.442x - 1.7223
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)  
  𝜎𝜎 = 0.176 ∗ 𝑍𝑍0.162   
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This equation can then be used to predict the material stress under a range of Z 
conditions, and shows good correlation with the experimental data as shown in Figure 
A-7 below. 
 
Figure A-7 - Comparison between the predicted and measured steady state stress for 
the isothermal compression of AA6060. 
It can be seen that the model provides a reasonable description of the material steady 
state flow stress for the over the range of deformation conditions. 
The increase in steady state stress due to compensate for deformation heating (σd) was 
modelled using the constitutive equation for isothermal hot compression above, 
whereby: 
Equation A-16 
 
Where Td is the increase in sample temp due to deformation heating and was 
determined using Equation A-10 for each respective time step and substituted into 
Equation A-16, and Q is the activation energy for hot deformation (= 201.4 Kj/Mol). 
This results in incremental values for the increase in the material stress throughout the 
test.   
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𝜎𝜎𝑑𝑑 = 0.131 ∗ 𝑍𝑍0.169  =    έ ∗ 𝐷𝐷𝑥𝑥𝐷𝐷 ( 𝑄𝑄𝑅𝑅 ∗ 𝑇𝑇𝑑𝑑) 
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Finally the stress increments due to deformation heating were added to the friction 
corrected stress, and the final corrected stress was determined: 
 
Equation A-17 
A comparison between the measured and corrected flow stress’s for the maximum and 
minimum values of the Z are given below in Figure A-8. It can be seen that the effects 
of friction are more pronounced at higher strains due to the increase in the contact 
surface between the workpiece and platen. However, the stress decrease due to 
frictional compensation is less apparent in with increasing values of Z as it is 
counteracted by the stress increase from the correction for deformation heating.  
  
σCorrected = σf +  σd  
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(a) - 540oC – 3s-1 
 
(b) - 450oC – 130s-1 
Figure A-8 – Comparison of as measured and corrected for friction and deformation 
heating for (a) a temperature of 540oC and strain rate of 3 s-1, and (b) temperature of 
450oC and strain rate of 130 s-1, corresponding to the maximum and minimum Z 
value respectably of the tested conditions. 
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A.3 - Model development 
A.3.1 -  Flow Stress Behaviour 
The corrected flow stress – Strain curves obtained during hot compression are shown 
below in Figure A-10. From the flow stress – strain curves, the following observations 
can be made: 
1. The Material Flow stress is highly sensitive to the deformation temperature and 
strain rate.  
2. The flows stress curves generally follow the same trend whereby, upon initial 
deformation the flow stress rises sharply (to a strain of approximately 0.1) 
which is followed by a region of approximately steady state flow.   
3. A slight increase in the material flow stress in apparent in the tests conducted 
at a strain rate of 130 s-1. 
  
 
 
14 
 
 
 (a) - 450oC 
 
 (b) - 480oC 
 
 
 
 
Figure A-9 – Deformation heating corrected Flow Stress – Strain curves for the 
high rate compression of solution treated 6060 aluminium alloy. 
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 (c) - 510oC 
 
 
 (d) - 540oC 
Figure A-9 Continued – Deformation heating corrected Flow Stress – Strain curves 
for the high rate compression of solution treated 6060 aluminium alloy. 
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The AA6060 flow stress curves are typical for those where microstructural evolution is 
dominated by dynamic recovery (DRV). Where the rate of work hardening is balanced 
the material softening from DRV and the flow stress remains relatively consistent with 
increasing strain [128]. In the early stages of deformation, dislocations multiply, and 
the material undergoes significant work hardening, resulting in the rapid increase in 
the material flow stress. This is followed by the onset of softening due to DRV, which 
counteracts the effect of work hardening, whereby the flow stress reaches a steady state 
plateau.  
 Furthermore the material flow stress increases with an increase in the strain rate and 
decreases with deformation temperature. This relationship is directly related to the 
operation of the material softening mechanisms. When concerning a constant strain 
rate, the driving force for DRV which stabilizes the material work hardening behaviour 
is thermally activated, hence any decrease to the deformation temperature will result in 
an increase to the material flow stress [129]. Additionally, for a set sample 
temperature, decreasing the strain rate will decrease the material flow stress. A 
reduction in the strain rate allows more time for DRV to counteract the increase in flow 
stress from work hardening [55, 129]. 
A.3.2 -  Constitutive equation 
In order to describe the effect of deformation conditions on the material flow stress, 
constitutive equations are utilised to model hot deformation behaviour. During 
elevated temperature deformation, the material flow stress (σ) is primarily influenced 
by the combined effect of the strain rate (έ), the strain (ε) and temperature (T) during 
deformation [126, 128]. It is apparent that the flow response of the material can be 
modelled from these parameters using the Arrhenius equation: 
Equation A-18 
Where A is a material constant, Q is the activation energy for deformation, R is the 
ideal gas constant ( =8.314j/mol K) and F(σ) is expressed by a power law equation at 
low stresses (Equation A-19) which then breaks down to an exponential law at higher 
stresses (Equation A-20): 
Equation A-19 
 
έ = 𝐴𝐴 ∗ 𝐹𝐹(𝜎𝜎)𝐷𝐷𝑥𝑥𝐷𝐷 (𝑄𝑄/𝑅𝑅 ∗ 𝑇𝑇) 
𝐹𝐹(𝜎𝜎) = 𝜎𝜎𝜎𝜎,𝛼𝛼𝜎𝜎 < 0.8 
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    Equation A-20 
Where n and β are material constants. 
Hence the hyperbolic Sin equation (Equation A-21), as proposed by Mctegart and 
Sellars is generally used to describe this relationship for a wide range of stresses. 
Equation A-21 
Reintroducing the Zener-Hollomon parameter (as described by Equation A-14) (which 
describes the combined effect of temperature and strain rate on the material 
deformation) into this equation simplifies it into the following form:  
                               Equation A-22 
To obtain the values for the material constants α and n, Equation A-19 and 
Equation A-20 are substituted into Equation A-18 and the natural logarithm is taken on 
both sides as follows: 
Equation A-23 
 
Equation A-24 
By substituting the experimental data (strain rates and corrected steady state flow 
stresses shown in section A.3.1 -  - Flow Stress Behaviour into Equation A-23 and 
Equation A-24 a linear relationship between the Ln(έ) - Ln(σ) and Ln(έ) - σ can be 
obtained and is shown in Figure A-11 and Figure A-12 below.  
  
  𝐹𝐹(𝜎𝜎) = 𝐷𝐷𝑥𝑥𝐷𝐷(𝛽𝛽𝜎𝜎) ,𝛼𝛼𝜎𝜎 > 0.8 
έ = 𝐴𝐴 ∗ �𝑓𝑓𝑚𝑚𝑚𝑚ℎ(𝛼𝛼𝜎𝜎)�𝜎𝜎𝐷𝐷𝑥𝑥𝐷𝐷 (− 𝑄𝑄
𝑅𝑅 ∗ 𝑇𝑇
) 
Z = A(sinh (ασ))n 
ln(σ) =  1n ln(έ) − 1n Ln(A) 
σ =  1
β
ln(έ) − 1
β
Ln(A′) 
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Figure A-10 - The relationship between Ln(έ) – Ln(σ) at the test temperatures. Used 
for the determination of the material constant n. 
 
 
Figure A-11 - The relationship between Ln(έ) – σ at the test temperatures. Used for the 
determination of the material constant β. 
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According to Equation A-23 and Equation A-24 the values for n and β can then be 
obtained from the inverse of the mean value of the gradient for each graph. This yields 
a value of n = 7.6599and β = 0.1855 MPa-1 Furthermore using the relationship α = 
β/n, a value of α = 0.02421 MPa-1 is obtained. 
In order to obtain the value for Q the hyperbolic sinh equation (Equation A-21) can be 
differentiated and the activation energy can be expressed as follows: 
 
Equation A-25 
 
In order to determine a value for 𝑒𝑒𝑚𝑚𝑚𝑚(𝑓𝑓𝑚𝑚𝑚𝑚ℎ(𝛼𝛼𝜎𝜎))/dT-1 and an updated value for n, the 
experimental results were substituted into Equation A-25 (as shown below in Figure 
A-13 and Figure A-14) and a mean value of the gradient was determined. This yielded a 
value of 𝒅𝒅𝒅𝒅𝒅𝒅(𝒄𝒄𝒊𝒊𝒅𝒅𝟒𝟒(𝜶𝜶𝜶𝜶))/𝐝𝐝𝐝𝐝-1 = 4029.425 and an updated value of n = 5.78896     
 
Figure A-12 - The relationship between T-1  – Ln(Sinh(ασ) at the tested strain rates. 
Used for the determination of the activation energy Q. 
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Figure A-13 - The relationship between Ln(έ)  – Ln(Sinh(ασ) at the tested strain rates. 
Used for the determination of an updated value of the constant n and activation 
energy Q. 
 
The activation energy can then be determined as follows: 
Q = R ∗ n ∗ dln(𝑠𝑠𝑠𝑠𝜎𝜎ℎ(ασ))
dT−1
= 8.314 ∗ 5.78896 ∗ 4029.42 = 193.93 Kj/mol 
This value for Q was then be utilised to determine the Zener – Hollomon parameter for 
the measured data using Equation A-14. 
Finally the value of A was determined by taking the natural logarithm of Equation A-22 
(as shown in Equation A-26) and plotting the values for Ln(sinh(ασ)) – Ln(Z) . This is 
shown in Figure A-15 below. 
Equation A-26 
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Figure A-14 - The relationship between ln(sinh(ασ)) – Ln(Z). Used for the 
determination of the material constant A. 
From Equation A-26 and Figure A-15 - The relationship between ln(sinh(ασ)) – Ln(Z). 
Used for the determination of the material constant Ait can be seen that: 
Ln(A) = 32.244 
 Therefore: A = 𝐷𝐷32.244 = 1.00784 ∗  1014 
Finally, substituting the obtained values into Equation A-21 the following constitutive 
equation for AA6060 is obtained: 
                 έ = 1.01 ∗ 1014 ∗ �𝑓𝑓𝑚𝑚𝑚𝑚ℎ(2.42 ∗ 10−8 ∗ 𝜎𝜎)�5.79 𝐷𝐷𝑥𝑥𝐷𝐷 �− 193934
𝑅𝑅∗𝑅𝑅
� Equation A-27 
 
This equation can then be transposed to make σ the subject: 
  Equation A-28 
 Equation A-28 can then be used to model the material stress under a range of Z 
conditions that are appropriate for the extrusion process, and shows good correlation 
with the experimental data as shown in Figure A-16 below.  
y = 5.7908x + 32.244
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2.42∗10−8 ∗ [(sinh−1 �έ∗EXP�193934R∗T �1.01∗1014 �] 15.79   
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Figure A-15 - Comparison between the experimental and fitted steady state flow 
stress for the hot compression of AA6060. 
In the present study the activation energy for hot deformation Q for AA6060 was 
determined to be 193.94 kj/mol. This value is on the upper range of the spectrum of 
those found in the literature (shown below in Table A-1). The activation energy for 
precipitation hardening aluminium alloys has been shown to vary depending on the 
composition and temper state, whereby the activation energy increases with solute 
content [150, 151]. As the samples were solution treated prior to deformation and a 
rapid heating rate was utilised it is expected that most of the Mg and Si is retained in 
solid solution during deformation, resulting in a comparatively high activation energy 
value when compared to similar studies that utilised samples that were air cooled.  
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Table A-1 – Summary of the constitutive equations for the deformation of AA6060 
and AA6063 
 
  
Primary 
Researchers Year Alloy 
Test 
method 
Specimen 
dimensions 
Temperature 
range 
(oC) 
Height 
Reduction 
or 
Strain 
Strain 
rates 
Activation 
Energy 
(Kj/mol) 
Gan.C, 
Zheng.K, 
Qi.W,  
Wang.M 
[152] 
2014 
6063 – 
Unknown 
Sample 
processing 
Hot 
compressi
on 
Cylinder 
10mm 
diameter – 
15mm height 
300, 350, 400, 
450  500 50% 
0.5,5,50 
s-1 181.89 
van de 
Langkruis.J, 
Kool.W. H, 
Sellars.M, 
van der 
Winden.M, 
van der 
Zwaag.S 
[30] 
2001 
6063 – 
Homogeni
zed + 
Water 
Quenched 
Plane 
Strain hot 
compressi
on 
Rectangular 
60*35*10 mm 
400, 450, 500 
 1.4 
0.4, 4, 
40 s-1 187 
B. Verlinden, 
A. Suhadi, 
L. Delaey 
[153] 
1993 
6060 -  
Homogeni
zed + Air 
cooled 
Hot 
Torsion 
9mm diameter 
– 24mm gauge 
length 
390, 420, 450, 
480, 510, 540 23 
0.05, 
0.2, 1 s-1 161 
H.J McQueen, 
M.J Lee 
[150] 
2000 
6060 –  
Homogeni
zed + Air 
cooled 
Hot 
Torsion NA 
300, 350, 400 , 
450, 500 To fracture 
0.1, 1, 10 
s-1 160 
Current Study 2015 
6060 –  
Homogeni
zed + 
Water 
Quenched 
Hot 
compressi
on 
Cylinder, 
16mm 
diameter - 
24mm height 
450, 480, 510, 
540 1.0 
3, 10, 
30, 130 
s-1 
194 
 
 
24 
 
  Waviness Profiles 
 
 
(a) Mill Finish transverse waviness profiles 
 
 
(b) Etched transverse waviness profiles 
Figure B-1 – Topographical waviness profiles of the 7mm/s extrudate, where the 
streaks can be observed in the etched samples. Waviness profiles were taken 
transverse to the extrusion direction in the (a) Mill finish and (b) etched condition. 
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(a) Mill Finish transverse waviness profiles 
 
 
(b) Etched transverse waviness profiles 
 
Figure B-2 – Topographical waviness of the 14mm/s extrudate, where the streaks can 
be observed in the etched samples. Waviness profiles were taken transverse to the 
extrusion direction in the (a) Mill finish and (b) etched condition. 
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(a) Mill Finish transverse waviness profiles 
 
 
(b) Etched transverse waviness profiles 
 
Figure B-3 – Topographical waviness profiles taken of the 21mm/s extrudate, where 
the streaks can be observed in the etched samples. Waviness profiles were taken 
transverse to the extrusion direction in the (a) Mill finish and (b) etched condition. 
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(a) Mill Finish transverse waviness profiles 
 
 
(b) Etched transverse waviness profiles 
Figure B-4 – Topographical waviness profiles of the 28mm/s extrudate, where the 
streaks can be observed in the etched samples. Waviness profiles were taken 
transverse to the extrusion direction in the (a) Mill finish and (b) etched condition. 
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 Origins of streaks C and D 
C.1 -  Introduction  
The source of streak (A) was determined in Chapter 5 - Topographical and 
microstructural analysis of a streaked profile, and a difference in grain size between 
streaked and surrounding regions was found to be the primary microstructural origin 
of the defect. Furthermore, in Chapter 4 - Production and visual assessment of a 
streaked , it was determined that the regions encompassing streaks (C) and (D) did not 
exhibit severe die lines or damage to the extrudate surface, and the streaks exhibited 
many of the indicators of a thermomechanical streaks.  This chapter aims to elucidate 
the origin of streaks (C) and (D) which encompassed regions above either side of screw 
port B.  
C.2 - Methodology 
Optical profilometry was utilised to attain topographical maps of the 28mm/s 
extrudate in the etched condition. Five maps (sized ~1.5mm by 3mm) were attained for 
the extrudate. The position of the topographical maps were selected due to their 
association with the locations of streaks (C) and (D) (as shown in Figure C- 1). The size 
of the features present in the topographical maps was determined using a line intercept 
method. 
 
Figure C-1 – Hatched areas show the regions where topographical maps were 
attained with reference to the (a) profile geometry and (b) to streaks C and D. The 
regions are labelled δ, ε, ζ, η and θ where ε and η correspond to the regions contained 
by streak (C) and (D) respectively. 
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C.3 - Results and Discussion 
The topographical maps of the 28mm/s extrudate surface etched condition are shown 
in Figure C - 2, with the corresponding mean size and standard deviation of the stepped 
features provided in Table C - 1.  
The topographical maps in all of the observed regions (δ, ε, ζ, η and θ) are extremely 
similar to those in the regions (a, β and γ) associated with streak (A) previously shown 
in section 5.3.1 - Topography. The surface all of the maps primarily consists of equiaxed 
grain etching steps with mottled interiors. The measured depth of the steps once again 
all range between a maximum of ±7µm from the neutral axis  Some signs of grain 
boundary grooves and die line remnants can also be observed but they are minimal 
when compared to the grain etching steps. 
The mean intercept diameter of the grain etching steps (shown in Table C - 1) varies 
depending on the measurement region of the extrudate. Regions δ, ζ and θ all show a 
similar etching step size of approximately 65 ± 5µm, while the ε and η regions, which 
are located where the (C) and (D) streaks are observed, have a comparatively larger 
mean diameter of 84.6 ± 2.5µm and 90.6 ± 8.1µm respectively. These changes in the 
size of the grain etching steps mirror those observed for streak (A), where there is an 
increased mean grain etching step diameter in visibly streaked regions. 
Figure C - 2 – Topographical maps in the δ, ε, ζ, η and θ regions of the etched 
extrudate surface for the 28mm/s extrusion. 
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Mean intercept surface step size (µm) 
δ σ ε σ ζ σ η σ θ σ 
Grain 
etching 
step 
size 
65.6 ±4.09 84.6 ±2.5 66.5 ±4.5 90.6 ±8.1 66.4 ±3.0 
Table C - 1 -  Mean size and standard deviation (σ) of the grain etching steps observed 
in the topographical maps on the etched extrudate surface, as determined by the 
linear intercept method.   
In chapter 5 - Topographical and microstructural analysis of a streaked profile, it was 
determined that the size of the grain etching steps was dependant on the surface grain 
size. Furthermore, it was established that a difference in grain size between streaked 
and surrounding regions resulted in a quantifiable difference in roughness and 
perceived lightness and was determined to be the origin of streak (A).  
While no subsequent analysis of the surface topography was conducted in the regions 
encompassing streaks (C) and (D), and these streaks were too small for colourimetric 
analysis, the changes in the size of the grain etching steps (and therefore the original 
grains) are analogous to those observed for streak (A). As a result, it is expected that 
similar trends in Ra and surface lightness would be observed, and like streak (A), a 
difference in grain size forms the origin of Streaks (C) and (D) in the 28mm/s 
extrusion. As streaks (C) and (D) were observed to be functionally identical for all 
extruded ram speeds in chapter 4.3.2 - Surface appearance after anodisation pre-
treatment, it is likely that this is also the case for the other three extrusions.   
C.4 - Conclusions 
The work in this chapter focused on the analysis of the surface topographies in the 
regions encompassing streaks (C) and (D) in the 28mm/s extrusion. It was determined 
that the streaks are classed as thermomechanical and a difference in grain size in the 
regions containing and surrounding the streaks was the likely origin of streaks (C) and 
(D). 
 
